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FOREWORD 


This  report  documents  a research  study  aimed  at  developing 
a technique  for  assessing  the  influence  of  the  earth's  boundary  layer 
on  the  landing  approach  of  v/STOL  aircraft.  The  research  was 

I 

conducted  by  the  University  of  Toronto  Institute  for  Aerospace  Studies 
located  in  Toronto,  Ontario,  from  September  1972  to  April  1976  for 
the  Air  Force  Flight  Dynamics  Laboratory  (FGC)  under  contract 
F33615-73-C-3013,  Project  Number  8219,  Task  Number  0504.  The  report 
was  submitted  by  the  authors  in  April  1976.  The  Institute  for 
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project  engineer  was  D.  J.  Moorhouse. 

This  project  has  involved  contributions  from  many  individuals 
in  addition  to  the  authors.  We  would  like  to  thank  the  following  for 
their  assistance  in  achieving  a functioning  wind  tunnel  facility  and 
in  generating  and  analyzing  the  experimental  data:  A.  M.  Billing, 

W.  0.  Graf,  G.  W.  Johnston,  K.  S.  Ong,  W.  H.  Pinchin,  G.  V.  R.  Rao, 
and  G.  D.  Schuyler. 
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INTRODUCTION 

Safe  and  reliable  landings  of  STOL  and  VTOL  aircraft  on  steep 
descent  paths  in  congested  environments,  low  visibility  and  strong  wind 
must  be  achieved  if  the  all-weather  air  transport  systems  envisaged  for 
the  future  are  to  become  a reality.  A central  feature  of  the  overall 
problem  is  the  design  of  vehicle  control  and  terminal  guidance  systems 
that  will  result  in  small  enough  dispersions  of  the  flight  path  and  ve- 
hicle attitude  at  some  decision  height.  Figure  1 illustrates  the  nomi- 
nal flight  path  with  which  we  are  concerned,  i.e.,  the  path  that  would 
be  followed  through  the  planetary  boundary  layer  with  an  ideal  guidance 
and  control  system.  It  consists  of  an  approach  that  terminates  at  point 
A with  airspeed  V^,  a descent  at  angle  Yp  to  point  B where  airspeed  is 
Vg,  possibly  different  from  V^,  and  a subsequent  flare  and  touchdown. 

The  present  investigation  deals  with  the  landing  descent  only  and  has 
not  yet  been  extended  to  cover  the  flare  and  touchdown  manoeuvres.  Note 
that  in  Figure  1,  the  common  case  of  Yp  = constant  (that  is,  a straight 
line  descent)  has  been  shown,  although  a curved  path  descent  could  equally 
well  have  been  chosen.  Point  B is  at  the  decision  height,  where  the  choice 
is  made  whether  to  land  or  to  abort.  This  decision  depends,  when  the 
flight  path  perturbations  are  present,  on  whether  or  not  the  trajectory 
(more  precisely  the  state  vector)  falls  within  a certain  'window'.  The 
problem  for  the  analyst  and  designer  is  to  predict,  for  a given  situation, 
the  probabilities  associated  with  this  decision.  It  is  not  our  purpose 
in  this  paper  to  deal  with  the  required  window  size,  nor  with  the  proba- 
bility levels  needed,  important  as  these  questions  may  be.  We  are  con- 


• cerned  here  rather  with  arriving  at  estimates  of  the  dispersions  of  the 

vehicle's  state  vector  at  the  decision  height.  In  particular,  the  appli- 

i 

cation  of  a boundary  layer  wind  tunnel  to  this  problem  will  be  discussed 
and  data  presented  in  support  of  this  approach.  Accordingly,  under  the 
heading  Approaches  to  Solution  of  the  Problem,  various  approaches  to  this 
problem  are  outlined,  with  the  description  of  a simplified  approach  using 
stationary  probes  being  given  under  Theory  of  the  Stationary-Probe 
Method.  Under  Experimental  Facilities  and  Experimental  Results, 

t 

the  development  of  facilities  at  UTIAS  for  laboratory  simulation  of 
the  planetary  boundary  layer  is  described  and  the  measurements  which 
are  required  for  application  of  the  stationary-probe  approach  are 
presented. 

Ideally,  the  state  variables  with  which  we  would  be  concerned 
» in  discussing  errors  at  A and  B include  the  position  vector,  the  velocity 

vector  and  the  attitude,  nine  scalar  variables  in  all.  The  angular  vel- 
ocity is  probably  unimportant.  Also,  in  practice,  it  is  probably  good 
enough  to  define  the  window  at  B in  terms  of  a severely  restricted  set 
of  variables;  for  example,  x,  y,  V and  z. 

Of  the  factors  that  contribute  to  dispersion  at  the  target  plane 
(Figure  1)  we  can  usefully  separate  out  three  (apart  from  guidance  sys- 
tem errors) : 

(i)  the  mean  wind  profile, 

(ii)  errors  in  initial  conditions  at  A, 

(iii)  turbulence. 

The  way  in  which  these  three  contribute  to  state  errors  at  the  target 
plane  is  illustrated  in  Figure  2 by  the  intercepts  of  an  ensemble  of  tra- 
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jectories  with  the  target  plane  - an  ensemble  related  to  a given  wind 
field.  R is  the  point  at  which  the  reference  trajectory  (see  Figure  3) 
associated  with  correct  initial  conditions  and  zero  turbulence  pierces 
the  target  plane.  The  reference  trajectory  accounts  for  the  mean  wind 
profile,  which  may  include  cross  wind,  rotation  of  wind  direction  with 
height  and  local  effects  of  buildings  or  terrain  (the  wind  in  Figure  1 
is  shown  coplanar  with  the  trajectory  only  for  convenience) . Curve  (a) 
in  Figure  2 represents  the  dispersion  around  R associated  with  initial 
errors  at  A that  may  occur  with  an  assigned  probability  . These  may 
be  the  outcome  of  a stationary  random  process  along  the  nearly  horizon- 
tal path  that  precedes  arrival  at  point  A.  A given  initial  error  -n 
position  and/or  velocity  and/or  attitude  yields  a single  point  in  the 
target  plane.  The  continuous  curve  (a)  derives  from  a continuous  set  of 
initial  errors.  P.  is  the  probability  (e.g.,  .995)  that  the  trajectory 
falls  inside  (a).  Curve  (b)  on  Figure  2 shows  the  additional  disper- 
sion at  probability  level  P2  associated  with  turbulence  during  the  des- 
cent and  a particular  set  of  initial  errors.  We  assume  that  the  errors 

resulting  from  the  initial  conditions  are  independent  of  those  produced 
by  the  turbulence,  and  hence  that  the  joint  probability  is  the  product  of 
the  separate  probabilities.  If,  furthermore,  as  will  frequently  be  the 
case,  the  dispersions  from  the  two  sources  can  be  linearly  superposed, 
only  one  curve  like  (b)  need  be  obtained  - for  zero  initial  error  - and 

combined  with  every  point  of  (a)  to  yield  the  envelope  (c) . The  proba- 

bility that  the  trajectory  will  lie  inside  (c)  is  then  P = PjP-,. 

In  order  to  further  clarify  the  different  vehicle  trajectories 
between  A and  B with  which  we  will  be  concerned,  the  reader  is  referred 
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to  Figure  3.  The  nominal  path  is  equivalent  to  the  glide  slope  and  is 
that  which  the  vehicle  would  follow  if  there  were  no  dispersive  factors 
at  all  or  if  it  had  an  ideal  guidance  and  control  system.  The  reference 
trajectory  is  the  path  the  aircraft  would  follow  if  there  were  no  initial 
condition  errors  and  no  turbulence.  It  reflects  the  departure  from  the 
nominal  path  caused  only  by  the  mean  velocity, and  would  be  zero  for  an 
ideal  control  system  (and  thus  R = B) . Finally,  the  actual  path  flown 
by  the  aircraft  includes  the,  effect  of  all  three  of  the  factors  listed 
above  and  its  departure  from  the  reference  solution  represents  the  eff- 
ects of  initial  condition  errors  and  turbulence. 

The  current  generation  of  STOL  airplanes  - externally  blown 
flaps,  deflected  slipstream,  tilt  wing,  tilt  duct,  tilt  rotor, 
augmentor  wing  - are  limited  to  approach  speeds  of  50  knots  or  more 
and  to  descent  angles  of  less  than  about  l6°  (Reference  l) . Present 
developments  are  expected  both  to  demand  and  to  lead  to  even  steeper 
• glide  slopes  for  STOL  airplanes,  perhaps  by  the  use  of  reverse  thrust 

combined  with  powered  lift  (Reference  2) . Helicopters  and  other  VTOL 
aircraft  are  of  course  capable  of  descents  at  all  angles  up  to  90°. 

Many  past  studies  of  the  response  of  vehicles  to  turbulence, 
during  landing  as  well  as  in  cruise,  have  determined  the  long 
term  response  by  using  a statistically  stationary  model  of  the  input. 

This  yields  as  outputs,  among  others,  the  mean-square  values  of  the  ve- 
hicle response  variables.  From  these,  with  the  common  assumption  of  a 
Gaussian  process,  probabilities  can  be  calculated  (References  1,  3,  4). 
Although  this  may  be  a reasonable  approach  for  CTOL  airplanes  with  glide 
slopes  of  about  3°  and  high  landing  speeds,  turbulence  is  of  greater 
relative  importance  at  low  air  speeds  and  the  steeper  angle  of  penetration 
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of  the  boundary  layer  makes  the  stationary  model  suspect  for  STOL  and 
VTOL.  Furthermore,  an  examination  of  data  for  a representative  STOL 
landing  indicates  that  ignorir-  the  vehicle's  transient  response  to  the 
onset  of  turbulence  as  it  penetrates  the  planetary  boundary  layer  is 
also  questionable.  That  is,  from  Reference  1 (CL  84,  Case  12)  in  a 
typical  landing  at  an  airspeed  of  60  knots  and  = 13.3°,  the  vehicle 

has  the  following  characteristic  oscillatory  periods  and  wavelengths 
with  the  stability  augmentation  system  on: 


Mode 

Period 

Wavelength 

(sec) 

(ft) 

Longitudinal,  long 

26 

2640 

Longitudinal,  short 

5.8 

590 

Lateral 

8.5 

860 

The  path  length  from  an  altitude  of  500  ft.  to  a CAT  I IB  decision  height 
of  100  ft.,  which  would  include  most  of  the  intense  shear  and  turbulence, 
is  only  1,740  ft.  Thus  we  see  that  the  characteristic  distances  are  not 
small  relative  to  the  approach  path  length  even  though  this  is  an  essen- 
tial condition  for  the  transient  response  to  be  ignored*.  It  should  be 
noted  as  well  that  the  mean  gradient  itself  has  a strong  effect  on  the 
characteristic  modes  of  aircraft  (Reference  5 , Sec.  9.9),  an  effect  not 
included  in  the  table  above.  Both  the  phugoid  period  and  its  time  to 
half  amplitude  may  be  increased  by  as  much  as  100?o  in  a strong  wind  shear. 

The  research  reported  herein  was  undertaken  to  answer  same 
of  the  questions  raised  in  the  preceding  discussion. 


*The  values  in  the  above  table  are  for  the  open-loop  response  of  the 
vehicle  and  these  would  be  modified  when  the  loop  is  closed  by  a human 
pilot  or  an  autopilot.  A more  exact  assessment  of  the  importance  of 
the  transient  response  could  thus  be  made  once  a loop  closure  was  selected. 
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For  purposes  of  design  and  operation,  one  wishes  to  know  how  any 
given  landing  system  (vehicle  + controls  + terminal  guidance)  will  per- 
form in  a statistical  sense  at  any  given  airport  in  any  given  wind.  It 
is  clear  that  this  entails  a knowledge  of  the  wind  profile  and  turbu- 
lence, including  local  effects  of  terrain  and  nearby  structures,  that 
pertain  to  the  airport  in  question.  Presumably  this  information  might 
be  obtained  in  the  field,  but  this  is  currently  a costly  and  time  con- 
suming process  that  would  be  undertaken  only  rarely.  The  only  feasible 
alternative,  and  one  that  can  provide  reasonably  good  results  for  the 
lower  part  of  the  atmosphere,  say  below  1,000  or  1,500  ft.,  is  experi- 
mental measurement  in  a facility  capable  of  simulating  the  atmospheric 
flow  in  this  region  - that  is,  in  the  planetary  boundary  layer.  In  a 
boundary  layer  wind  tunnel,  for  example,  one  can  model  the  geometry  of 
the  local  airport  and  environs  and  collect  data  systematically  and  re- 
latively inexpensively.  One  of  the  principal  limitations  of  these  faci- 
lities at  present  is  their  inability  to  include  the  Coriolis  effects 
that  result  in  the  shift  in  wind  direction  with  height,  and  hence  to  sim- 
ulate faithfully  the  outer  region  of  the  boundary  layer.  However,  the 
region  of  most  intense  shear  and  local  effects  of  terrain  and  structures 
can  be  fairly  well  reproduced  (see  Experimental  Facilities). 

Assuming  then  that  we  have  a laboratory  facility  available  which 
can  provide  reasonable  simulations  of  the  atmospheric  boundary  layer,  we 
now  consider  the  possible  alternatives  for  determining  the  effects  tf  tur- 
bulence alone  on  the  aircraft.  We  assume  the  aircraft  is  beginning  its 
descent  through  the  boundary  layer  from  some  known  initial  position  A and 
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we  wish  to  determine  its  dispersion  from  the  reference  trajectory  as  a 
result  of  the  turbulence  it  encounters  - that  is,  we  wish  to  determine 
the  value  of  P ^ associated  with  a given  'window' . The  reference  tra- 
jectory itself  may  be  determined  from  a knowledge  of  the  mathematical 
model  of  the  aircraft/guidance  system  and  the  mean  wind  profile  (see 
Theory  of  the  Stationary-Probe  Method  and  also  Reference  6). 

There  are  basically  four  distinct  approaches  one  may  take  toward 
solving  the  above  problem,  each  requiring  different  assumptions.  These 
solutions  are  described  below  in  descending  order  of  faithfulness. 

(1)  Obviously  the  most  nearly  'exact'  solution  would  be  to  build  a faith- 
ful,  free-flying  model  of  the  aircraft  and  have  it  seek  to  follow 
the  prescribed  nominal  flight  path  from  A t;>  B (Figure  1)  at  corr- 
ectly scaled  speed  with  the  correct  guidance  and  control  laws.  By 
making  many  descents  under  a given  set  of  conditions,  the  ensemble 
statistics  of  the  state  vector  at  the  target  plane  could  be  coll- 
ected. To  get  good  statistics  would  take  many  'flights'  in  the 
tunnel  in  order  to  define  the  all-important  tail  of  the  probability 
curve  with  adequate  accuracy.  This  technique  may  not  in  principle 

be  beyond  the  state  of  the  art,  but  it  would  appear  to  be  inordinately 
expensive,  and  would  certainly  require  a very  large  wind  tunnel  in 
order  that  the  models  of  the  aircraft  not  be  too  small.  It  does  have 
the  advantage,  however,  of  requiring  no  basic  assumptions  other  than 
that  the  laboratory  simulation  of  the  boundary  layer  is  satisfactory, 
and  this  of  course  is  required  for  any  wind  tunnel  solution. 

(2)  A considerably  simpler  approach  would  be  to  drive  a rigid  model 
equipped  with  a force  balance  down  the  reference  trajectory  'open 
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loop'.  As  noted  above,  this  trajectory  corresponds  to  zero  initial 
errors  and  zero  turbulence  and  can  be  calculated  in  advance.  Using 
a six-component  force  balance  and  by  making  appropriate  corrections 
for  gravity  and  inertia  forces,  the  transient  aerodynamic  inputs  to 
the  vehicle  could  be  obtained.  These  time  histories  could  then  be 
used  with  a mathematical  model  of  the  vehicle  to  compute  errors  in 
the  state  vector  at  the  target  plane.  In  this  approach,  it  must  be 
assumed  that  the  aerodynamic  forces  obtained  on  the  reference  tra- 
jectory are  approximately  the  same  as  those  that  would  have  been 
found  on  the  actual  trajectory  and  hence  large  perturbations  from  the 
reference  path  would  introduce  significant  errors.  If  desired,  one 
could  further  assume  that  the  aircraft  guidance  system  has  sufficiently 
high  performance  that  the  reference  path  is  very  close  to  the  nominal 
glide  slope.  In  this  case,  of  course,  the  model  could  be  driven  along 
the  latter  path  rather  than  the  former.  As  with  the  previous  solution, 
a large  number  of  repetitions  would  be  needed  to  obtain  adequate 
statistics. 

(3)  The  third  approach  would  be  somewhat  like  (2),  but  instead  of  measur- 
ing aerodynamic  forces  with  a proper  vehicle  model,  we  would  measure 
turbulence  inputs  from  which  these  forces  could  in  principle  be  cal- 
culated by  linear  aerodynamics.  That  is, 

f(t)  = L{g (t) } 

where  f(t)  is  the  six  component  force  vector,  L is  a linear  operator 
and  j|(t)  is  the  m component  'gust  vector'.  When  L is  not  state- 
dependent,  the  simple  transfer  function  form  results;  that  is, 

f(s)  = X(s)g(s) 
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in  which  T(s)  is  a 6 x m matrix  containing  constant  gust  deriva- 
tives (Reference  5,  Sec.  13.3).  The  use  of  this  approach  requires 
that  this  matrix  be  determined  either  from  theory  or  experiment  and 
that  the  vector  g(t)  be  defined  and  measured.  This  measurement 
could  be  performed  with  hot-wire  or  other  turbulence-measuring  de- 
vices, and  various  levels  of  approximation  are  possible  by  making 
different  assumptions  concerning  the  makeup  of  g(t)  (Reference  5, 

Sec.  13.3).  The  advantage  of  this  solution,  of  course,  is  that  only 
probes  rather  than  actual  vehicle  models  are  required.  When  f(t)  has 
been  generated  in  this  fashion  for  any  one  trial,  it  can  be  used  in 
the  same  way  as  f(t)  measured  by  method  (2)  to  compute  the  vehicle 
response.  As  with  methods  (1)  and  (2),  this  approach  would  require 
a large  number  of  trials  to  obtain  adequate  statistical  reliability 
of  the  results.  A brief  study  of  this  technique  is  presented  under 
Feasibility  of  the  Moving  Probe  Technique. 

(4)  Finally,  the  approach  that  uses  the  simplest  equipment  is  one  which 
employs  neither  moving  models  nor  moving  probes  but  instead  collects 
the  flow  statistics  at  fixed  points.  This  method  is  the  one  presently 
being  used  in  an  experimental  investigation  at  UTIAS  and  is  described 
in  detail  under  Theory  of  the  Stationary-Probe  Method.  It  has  the 
principal  advantages  of  using  fixed  probes  and  not  requiring  a large 
number  of  replicates,  but  it  does  require  many  individual  measure- 
ments to  be  taken  and  more" assumpt ions  than  the  previous  methods. 
Unlike  (3),  for  which  nonlinearities  (other  than  those  excluded  by 
the  f - £ relation  hypothesized  above)  can  be  included,  method  (4) 
requires  a completely  linear  system.  From  the  standpoint  of  validity 


i 
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for  linear  systems,  of  course,  it  is  equivalent  to  (3)  insofar  as  it 
yields  approximate  mean-squares  and  mean  products  of  the  deviations 
of  the  state  variables  at  the  target  plane.  However,  it  is  less 
faithful  than  (3)  in  that  one  can  only  take  the  next  step  and  proceed 
to  statements  about  probabilities  with  the  aid  of  an  assumption  about 
the  form  of  the  probability  distribution  function  - for  example,  that 
it  is  Gaussian.  In  addition,  ergodicity  of  the  turbulence  signals 
is  a necessary  (but  weak)  assumption. 
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Section  III 


I 


THEORY  OF  THE  STATIONARY-PROBE  METHOD 

We  postulate  that  we  have  an  adequate  mathematical  model  of  the 
beam- following  system  comprising  the  vehicle,  its  controls  (human  or  automatic) 
and  the  guidance  loop.  This  model  may  be  denoted  symbolically  in  state  vector 
form  by 

y(t)  = f(y,t)  + B(y)  g(t)  (3.1) 

where  y(t)  is  the  n x 1 state  vector  (including  all  closed-loop  control 
variables),  g(t)  is  the  m x 1 "gust"  or  turbulence  input  vector,  and  13  is 
an  n x m matrix  of  coefficients  that  in  general  are  state  dependent.  The 
time  variable  is  included  in  £ to  allow  for  the  possibility  that  the  descent 
might  have  some  programmed  variables  - for  example,  flap  angle  or  propeller 
pitch  or  wing  tilt  - as  functions  of  time. 

Consider  now  the  reference  solution,  for  which  the  initial  conditions 
are  the  nominal  or  ideal  ones  and  for  wnich  the  wind  is  laminar  and  steady 
with  respect  to  its  mean  profile.  Let  the  reference  solution  be  denoted  y ( t) 
so  that  from  (3.1),  with  g(t)  = 0 for  a laminar  wind, 

y0(t)  = £(y0,t) • (3-2) 

1 

This  reference  solution  provides  the  constant  position  error  at  the  target 
plane  associated  with  wind  shsar.  It  of  course  also  provides  errors  in 
airspeed,  bank  angle,  etc.,  at  the  target  plane,  which  may  be  important  factors 
in  the  decision  to  be  taken  as  to  whether  to  land  or  abort. 

How  consider  a set  of  perturbation  solutions  (i.e.,  small  departures 
from  the  reference  solution)  associated  either  with  small  deviations  in  the 
initial  conditions  or  with  turbulence.  The  constraint  of  'smallness'  is  iirposed 
to  yield  a linear  system  for  analysis,  and  the  usual  confidence  in  linear 
flight-dynamic  solutions  leads  to  the  expectation  that  they  will  be  of  practical 
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utility  for  realistic  levels  of  disturbance.  The  perturbation  is  denoted  by 
Ay(t),  so  that  from  (3.1) 

y0(t)  + AjKt)  = f(yQ  + Ay,t)  + B(yo  + Ay)  g(t).  (; 

Now  to  first  order  in  &y(t) , we  have 

f(lD  = £(^<,>0  +A(t)  Ay(t)  (; 

where 


A(t)  = 


(where  y.  and  f.  are  the  i elements  of  y and  f)which,  on  substitution  into 

11  — — 

(3.3),  serves  to  eliminate  the  reference  solution.  Also,  since  g(t)  is 
taken  as  small,  the  second  term  of  (3-3)  to  first  order  is  B>(yo)  £(t). 
Finally,  the  perturbation  equation  can  be  written  as 


■of 

1 

1 

oyl 

of 

hi 

Ay  = A(t)  ij(t)  + _(t)  £(t)  (3.5) 

since  y (t)  is  a known  function  of  time. 

Equation  (3-5)  can  now  provide  the  second  and  third  contributions  to 
errors  at  the  target  plane  referred  to  in  the  Intro  u.c-  i on.  The  initial 

condition  errors  are  found  by  solving  (3*5)  with  g(t)  - 0 and  y(0)  ^ 0;  the  gust 
response  is  treated  with  y(0)  = 0 and_r(t)  j-  0. 

3.1  Response  to  Turbulence 

Since  we  are  primarily  concerned  here  with  the  perturbations  i^(t)  in 

response  to  gusts  g(t),  we  shall  simply  write _y  for  Ay  in  the  subsequent 

development.  The  differential  equations  for  the  perturbations  , (3.5),  are  linear 

and  have  a solution  which  may  be  written  as  follows  (Reference  7): 

t 

y(t)  - H(t,0)  jT^O)  y(0)  + f H(t,t’)  _(t')dt’  (3-6) 

o 

where  the  initial  time  t - 0 has  been  selected  at  point  A in  hi.-ure  1. 
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H(t,t')  is  often  referred  to  as  the  iiqpulsive  response  matrix.  It  is 
the  solution  to  the  system 

H(t,t’)  = A(t)  H ( t , t ' ) +B(t)  5( t-t' ) 

H(f,f)=0  (3.7) 

where  5(t-t')  is  the  Dirac  delta  function.  This  system  can  be  written  in  a 

more  convenient  form  for  computation  by  integrating  with  respect  to  the 

variable  t over  a range  t to  t where  t < t'  < t.  This  results  in  the  system 

o o 


H(t,t')  = A(t)  H ( t , t ' ) 

H(t' ,t’)  = B(t') 

for  t > t' . This  set  of  equations  is  then  solved  by  direct  integration  on 


(3.8) 


a digital  computer. 

/ x th 

In  the  present  context  (dynamics),  the  i column  of  _H,  say  in,  may 
be  viewed  as  the  response  of  the  system  (3-5)  to  a unit  impulse  in  the  i*^- 
input:  g. ( t)  = 6(t-t').  If_A(t)  were  not  time-dependent,  an  explicit 

analytical  expression  for _H  would  be  available:  _H(t,t')  = exp{(t-t')A}  B(t'), 

(see  Reference  7)  • 

For  the  remainder  of  this  section,  we  shall  focus  attention  exclusively 

on  the  contributions  of  turbulence  to  y(t),  and  shall  set  y(0)  =0.  We  proceed 

to  find  the  mean  products  y.y.  by  considering  the  elements  of  the  dyadic  (i.e., 

J 

T m 

outer)  product  yy  . From  (3.6),  with  y(o)  = 0,  the  ensemble  mean  of  yyT  at  time 

t is 

t.  t 

< y(t)_yT(t)  > = < r H(  t>t1)g[r(t1)  ,t1]dt1  I {h(  t , tg ) g[  r ( t^ ) , t^  ] ] J dtg> 


t t 


-/  [ < j[r(t1)  ,tg]  > HT(t,t2)  dtx  dtg 


■ 


o o 


An  explicit  dependence  of  ___  on  position  r . as  been  shown  in  (3-9);  tin;  is 
:(r,t)  is  the  random  gust  input  at  time  t at  the  position  r in  ' tra.'  '-or 


13 


I 


t 


Thus  it  is  seen  that  the  gust  input  to  the  aircraft  varies  with  time  for  two 
reasons:  (i)  the  explicit  time  dependence,  and  (ii)  the  dependence  on  r 

which,  in  turn,  varies  with  time. 

In  general,  for  two  arbitrary  positions  r.  and  rn,  we  can  define  the 

-r  1 -yd 

correlation  matrix  by 


R(ri,r2,t2-ti)  = <^(r1,t1)iLT(r2,t2)  > (3. 10) 

The  dependence  is  sho'wn  to  be  on  the  difference  (tg-t^),  and  not  on  t and  t 
individually,  because  the  turbulence  is  assumed  to  be  stationary.  If  it  were 
also  homogeneous  (which  it  is  not)  R_  would  similarly  depend  only  on  the 
difference  ( r„-r, ) . 

Returning  now  to  (3-9) > the  crucial  point  to  note  is  that  r,  and  r0 

are  not  arbitrary  but  are  in  fact  the  position  of  the  aircraft  at  times  t^ 

and  tg,  respectively.  Thus,  the  correlation  < g[r( t ) ,t  ] £T[r( tn) ,t  ] > 

called  for  by  (3.9)  is  a 'constrained'  version  of  the  R defined  in  (3. 10).  This 

special  type  of  correlation  matrix  will  be  denoted  by  (R  the  flight  path  correlation 
matrix,  that  is,  — 

(R(t1}t2)  = R[r(t1),r(t2),t2-t1].  (3.11) 

Note  that  $ depends  only  on  the  two  variables  t^  and  t . Moreover,  it  is 
symmetric  with  respect  to  these  two  variables  in  the  sense  that 


fa  (t2’tx)  ^(ti,t2) 

This  follows  from  the  fact  that,  from  (3.10), 


(3  12) 


£($2’£i’trt2>  =< 


= < s(r2Sfc2)£  (ri^i)  > 

= £(£!.£>»  W (3-13) 

and  it  lias  important  implications  for  the  number  of  measurements  needed  fortfj. 
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For  example,  if  J^(t^,t2)  is  known  for  all  t2  ^ tn  , then  (3-12)  provides 

for  all  t < t . In  any  case,  (3.9)  is  now  written 
^ t t 

< y(t)  /(t)  > = f J H(t,tx)g  (tl5t2)HT(t,t2)  dtLdt2  (3.14) 

o o 

and  this  is  the  main  result  of  this  section. 

In  utilizing  (3.14),  two  assumptions  may  be  made  that  are  consistent 
with  linear  analysis.  In  the  first  place,  when  $ is  calculated  using  (3. 11),  the 
reference  trajectory  r(t)  may  be  used  in  place  of  the  actual  (perturbed) 

~r 

trajectory.  In  effect,  one  neglects  a 'perturbation  on  a perturbation'  - a 
second-order  effect.  The  second  assumption  is  similar;  to  obtain  results  in 
the  target  plane,  the  upper  limit  of  the  integration  in  (3.14)  may  be  taken  as 
the  time  of  arrival  for  motion  along  the  reference  trajectory  rather  than  the 
time  associated  with  an  actual  trajectory. 

Note  that  the  integrand  in  (3.14)  contains  one  ingredient,  (?\  , that 
depends  only  on  the  turbulence  field  and  on  the  kinematics  of  the  flight 
trajectory  and  another,  H,  that  is  basically  a system  property.  Normally,  _H 
is  calculated  from  a dynamics  and  control  analysis  (see  (3.8))  while  R.  can  be 
measured  in  the  atmosphere  or,  as  in  the  present  case,  in  a suitable 
laboratory  simulation  of  the  flow.  Although  there  is  no  fundamental  impediment 
to  measuring  (f(  for  the  reference  trajectory,  it  is  experimentally  much  more 
convenient  to  measure  it  for  the  nominal  (straight-line)  trajectory.  The 
difference  between  the  two  is  due  to  the  mean  wind  profile,  as  explained  in 
the  introduction;  however,  with  an  acceptable  autopilot,  this  difference 
should  be  small  and  thus  the  assumption^  (reference  trajectory)  = $ 

(nominal  trajectory)  should  be  a reasonable  one. 

To  assist  in  understanding  what  (3-14)  means,  consider  the  simple 
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case  in  which  there  is  only  one  input,  say  vertical  gust  w,  and  one  output, 


« 


say  normal  displacement  error  z . Thus  g(t)  is  w and_y(t)  is  z^.  Then  (3-1^ ) 


gives  the  mean-square  of  z^  directly  as 


4(t)  >=f  J Vfc>fcl^  ww(tl’t2)hZw(t’fc2)dtldt; 


(3-15) 


Here  h (t,t,)  is  the  error  z at  time  t that  results  from  a unit  impulse  in  w 
zw  ’In 

at  time  t^.  The  cross-correlation 


= < "(r^Mrg.t,,)  > 


(3-16) 


is  the  ensemble  mean  of  the  products  of  w at  the  two  (fixed)  locations  r^  and 
r0  on  the  nominal  trajectory  that  correspond  to  the  two  (fixed)  times  t.  and 

-r  c-  1 

tg  (Figure  3) • Finally,  the  assumption  of  ergodicity  of  the  turbulence  permits 
us  to  replace  the  ensemble  mean  of  (3-16)  with  the  time  average 


<S?W(V*2>  = w(r1,t)w(r2,t+T),  T = tg-'^ 


Notice  that  the  time  delay  in  this  relation  is  such  that  the  signal  from  the 
upper  probe  is  always  delayed  with  respect  to  that  from  the  lower  probe. 
(Reversal  of  this  delay  would  correspond  to  a take-off  manoeuvre.) 

The  important  point  in  the  above  derivation  is  that  it  leads  to  a 
measurement  made  with  stationary  probes  instead  of  moving  ones.  The  result 
(3-17)  is  simply  the  cross-correlation  of  w measured  at  the  points  r^  and 
with  time  delay  (t0-t^).  This  kind  of  turbulence  measurement  is  the  sort 
commonly  and  routinely  made  in  many  aerodynamics  laboratories  using  conventional 
hot  wire  anemometry  techniques.  The  general  result,  ref  err  in.-'  back  to  (3. 10) 
and  (3-11),  is 

^?(t15t2)  = ^(rLJfc)3T(r2,t+T) ,t  = t2-t1  (3. 16) 
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To  recapitulate,  (3*1^)  is  the  basic  equation  from  which  the  mean 
squares  and  products  of  the  state  variables  of  interest  can  be  computed  at 
the  decision  window.  To  carry  out  the  computation,  one  needs  three  things: 

(i)  the  computed  reference  solution, 

(ii)  the  computed  matrix  of  impulse  response  functions,  H,  and 

(iii)  the  turbulence  input  matrix  (ft  , either  measured  or  otherwise 
approximated. 

The  elements  of  (3-1^)  must  then  be  evaluated  numerically  to  produce  mean  squares 
and  mean  products  of  y , z , etc.,  at  the  target  plane.  Finally,  these  mean 
values  can  be  used  with  the  assumption  of  a Gaussian  process  to  compute  the 
probabilities  Fg  (Figure  2)  associated  with  a given  dispersion.  That  is, 
in  computing  the  probability  that  the  state  variables  at  point  B lie  within 
a specified  decision  window  in  state  space,  one  uses  the  normal  multivariate 
probability  function  (Reference  5 , Eq.  2.6,31)  which  makes  use  of  the  mean 
products  (the  off-diagonal  components  of  (3-11*)  as  well  as  the  mean  squares). 


3 .2  The  Input  Vector 


The  degree  of  approximation  in  the  final  computed  results  of 
dispersion  at  the  decision  window,  and  the  difficulty  of  measurement,  both 
depend  very  much  on  the  choice  of  gust  input  /ec tor  g(t)  (see  Reference  5, 
Sec.  13-3) • The  simplest  case  occurs  when  the  variation  of  the  turbulence 


over  the  vehicle  is  neglected,  and  the  three  turbulent  velocities  at  the 


C.G.  axe  taken  as  the  inputs. 


In  this  case  the  components  of  g(t)  in 


are  given  by 


gjCt)  = 

u (t) 
g 

Vg(t) 

and  in  *>y  g^t)  = 

u(t) 

v(t) 

_Wg(t)_ 

w(t) 

(3.19) 


See  Fig.  1 for  the  orientation  of  these  frames. 

For  a more  faithful  representation  of  the  turbulence,  one  may  add  gradients  in 
the  velocites,  such  as  dw/By , which  produces  rolling  moments,  and  hw/dx, 
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which  produces  pitching  moments.  Which  additional  terms  will  be  needed  in  any 
particular  application  depends  on  the  vehicle,  the  turbulence  and  the  accuracy 
desired.  Although  adding  gradient  terms  to  g(t)  generally  complicates  the 
measurements,  there  is  an  exception  with  respect  to  streamwise  gradients. 
Assuming  that  the  turbulence  components  are  being  measured  in  the  ^ 
coordinate  system,  which  is  most  convenient,  the  correlations  of  derivatives 
with  respect  to  x can  be  derived  from  Taylor's  hypothesis  of  frozen  turbulence 
(which  is  usually  a reasonable  approximation  for  the  flows  considered) . That 
assuuption  relates  spatial  and  temporal  gradients  by 

W = ' 


where  W is  the  local  mean  wind  speed  (in  the  x direction).  Thus,  for  example, 

(3.20) 


w A ^ = . I 

x=  dx  W dt 


and  the  cross-correlation  of  this  derivative  at  t^  and  tg  is 


(3.21) 


where  W ,Wg  are  the  wind  values  at  the  two  reference  points.  But  the  correlation 
of  the  time  derivative  of  a variable  is  related  to  that  of  the  variable  itself; 
that  is, 


t t 


so  that  the  correlation  of  vy  can  be  derived  from  that  of  w by 

Jjww  ^l’V  = WhW^  <3t,dt„  ^ww^l’V 


X X 


12  1 2 


(3-23) 


and  similarly  for  other  x gradients.  The  double  differentiation  required  by 
(3-23)  can  in  principle  be  performed  with  sufficient  accuracy  if  the  data 
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are  good  enough.  With  respect  to  y gradients,  no  comparable  general  method  is 
available,  and  recourse  would  be  needed  to  measurements  with  special  probes 
(for  example  a small  airfoil  that  could  measure  rolling  moment)  or  to  theory 
(for  example  Reference  8). 

3 -3  Time  History  of  Aircraft  Position 

As  indicated  in  the  previous  section  it  is  necessary  to  determine 
fi(  tfjtg)  for  tg  > t for  pairs  of  points  along  the  glide  slope.  Before  this 
can  be  carried  out  it  is  necessary  to  find  the  relationship  between  time  and 
position  for  an  aircraft  flying  down  the  glide  slope.  Thus  when  the  two 
hot-wire  probes  are  positioned  at  specific  points  on  the  glide  slope  the 
particular  value  of  (t^-t^)  re(iuired  for  the  evaluation  of  & (tL,t2)  can  be 
determined.  If  we  assume  that  a good  first  order  estimate  of  these  times  can 
be  based  on  airspeed  undisturbed  by  turbulence  and  perfect  tracking  of  the 
glide  slope  then  the  following  analysis  will  produce  the  required  results. 


Consider  the  motion  of  the  aircraft  along  the  glide  slope  as  shown  in 


Figure  4.  It  flies  at  airspeed  V at  some  angle  7,  relative  to  the  mean  wind  W 


so  that  its  motion  relative  to  the  ground  is  at  spe&d  V„  and  angle  y„.  Thus 

\ E E 


at  any  particular  height  z,  we  may  obtain  the  velocity  \rec  tor  diagram  shown. 

\ 

If  we  let  W,  V and  V represent  magnitudes  of  the  respective  velocity  vectors. 


\ 


then  the  vector  sum  V„  = W + V yields 

~r  -7 


Vg  cos  = -W  + V cosy 


(3-24) 


and 


V„  sin  y = V si ny 
E E 


(3-25) 


where  V„,  W,  V,  7 and  y are  functions  of  z in  general.  Solving,  we  get 
E E 


V£  = -Wcos7e  + [W^cos^  -l)  + V2]^2 


(3.26) 


and 
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7 = sin-1[VE  sinrE/v]  (3  27) 

where  Eq.  (3 .26) corresponds  to  the  case  of  7.  < 90°  (V/W  > l)  . Thus  if  7,,, 

W and  V are  specified,  the  above  equations  may  be  solved  for  \h,  and  7. 

The  time  t to  reach  any  point  on  the  glide  path  defined  by  height  z 
is  found  as 

t(z)  ° -f"  -(;)S.7i=) 

ZA 

In  the  present  analysis  V and  y„  will  be  taken  to  be  constants  corresponding  to 
a constant  airspeed  landing  approach  along  a conventional  straight  ILS  beam. 
t(z)  has  been  evaluated  on  a digital  computer  to  cover  all  cases  run  in  the 
wind  tunnels.  A typical  listing  of  t(z)  is  found  in  Table  I and  illustrated 
in  Fig.  5*  These  data  were  generated  for  tests  in  the  small  (8"  x 8")  tunnel. 
Note  that  in  the  illustrated  case  t = 0 is  referenced  to  z = 858  ft.  in  full 
scale  while  the  top  of  the  boundary  layer  is  lateen  to  be  1000  ft.  Thus,  for 
this  exarrple,  if  the  upper  probe  is  located  at  z’  = 5.5  in.  and  the  lower  at 
z'  = 4.0  in. then  the  correlation  functions  are  determined  with  the  si  nals 
from  the  upper  probe  time  delayed  by  [ t|)  = ( .02128- .00576)  = .01552  sec. 

3*^  Scaling  and  Parameter  Selection 

Before  the  fixed  probe  technique  of  this  section  can  be  applied  and 
before  an  analysis  of  the  moving  probe  technique  can  be  performed  (see 
Section  IV)  it  is  necessary  to  determine  the  proper  scaling  to  employ  in  the 
wind  tunnel  and  to  select  a representative  range  of  velocity  parameters. 

When  measurements  of  turbulence  properties  in  a boundary  layer  wind 
tunnel  are  to  be  made  with  hot  wire  probes  the  basic  scaling  problem  is  assumed 
to  be  one  involving  length  and  time.  (See  Section  5«1  for  a further 
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discussion  of  boundary  layer  simulation.)  The  length  scale  is  used  to 
obtain  proper  turbulence  scales  and  distances  relative  to  the  glide  slope. 
The  time  scale  is  used  to  obtain  proper  velocities  and  frequencies  of  events 
talcing  place  in  the  turbulent  field. 

Let  unprimed  symbols  represent  fill  scale  parameters  and  primed 

symbols  represent  wind  tunnel  parameters.  Length  scaling  is  obtained  by 
representing  the  full  scale  boundary  layer  thickness  ZQ  by  the  wind  tunnel 
boundary  layer  thickness  Z'  . Thus,  in  general,  length  scaling  becomes 


where 


l'  = S | 1 
Sl  = ZG/ZG 


(3-29) 


Time  scaling  is  arrived  at  through  velocity  scaling  and  length  scaling.  The 
full  scale  gradient  velocity  (the  wind  speed  at  Z^.)  is  represented  in  the 
tunnel  by  W{',  ( the  wind  speed  at  Z^)  . 

Thus  in  general,  velocity  scaling  becomes 


V'  = Sy  V 


where 


S3  = W' /W 

bV  V G 


(3-30) 


Combining  length  and  velocity  scaling  one  obtains  time  scaling 


where 


X 


st  = V®v 


(3.3D 


t This  convention  is  not  applied  in  the  case  of  the  turbulence  components  (u  v w) 
in  order  to  simplify  the  notation  required.  The  context  will  indicate  whether 
full  scale  or  wind  tunnel  scale  applies  when  these  symbols  are  used. 
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The  following  table  summarizes  the  scales  established  for  the 
present  wind  tunnels  for  n = 0.l6. 


ZG  or  Z ' 
ft. 

VrWG  sv 

fps 

St 

Actual  Atmosphere 

1000 

68* 

8"  x 8"  tunnel 

7/12 

_il 

34  5.83x10  0.50 

1.17x10' 3 

44"  x 66"  tunnel 

3 

90  3. 00x10" 3 1.36 

2.20xl0-3 

* In  the  case  of  the  14"  x 66"  tunnel  simulation  the  actual  atmosphere  WG  was 
assumed  to  be  66  fps . 

The  tunnel  velocity  scales  have  been  selected  to  ensure  ease  of 
measurement  of  flow  properties.  In  the  case  of  the  44"  x 66"  tunnel  the 
scale  of  turbulence  generated  by  the  flow  was  an  additional  consideration. 

As  pointed  out  in  Ref.  11,  Reynolds  number  simulation  is  not  necessary  in 
generating  an  acceptable  boundary  layer  provided  that  the  floor  of  the 

tunnel  is  aerodynamical ly  rough,  as  was  the  case  with  the  present  tunnels. 

In  Fig.  1 the  velocity  W(z)  represents  the  time- averaged  mean 

velocity  of  the  wind  in  the  frame ^ . If  we  restrict  ourselves  to  the  case 
of  a neutrally  stable  atmosphere  and  further  neglect  Coriolis  effects,  then 
the  variation  of  this  velocity  with  height  can  be  reasonably  well  represented 
by  the  so-called  power- law  profile,  that  is, 

W(z)/WG  = (z/zG)n  (3  32) 

Both  Z and  n depend  on  the  roughness  of  the  earth's  surface,  with 
typical  values  as  suggested  by  Davenport  (Ref.  9)  given  in  L.he  table  below. 
While  these  values  are  by  no  means  exact,  they  do  give  a reasonable  estimate 
of  the  mean  wind  speed  if  this  speed  is  not  too  low.  Further  characteristics 
of  the  planetary  flow  are  described  in  detail  in  Refs.  10  and  11. 
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SURFACE  TYPE 

n 

%'  FT 

Flat,  open  country 

0.16 

1000 

Woodland  forest 

0.28 

1300 

Urban 

0.35 

1600 

As  discussed  in  Sec.  I,  present  maximum  values  of  y for  STOL  vehicles 

hi 

are  ~ 16°.  Since  in  the  present  case  we  are  concerned  with  both  STOL  and  VTOL 
vehicles,  we  select  values  of  yE  of  15°,  45°  and  90°.  As  for  W(z),  its  value 
is  adequately  specified  by  the  value  chosen  for  the  gradient  wind  W„ . This 
wind  may  range  from  zero  to  values  of  120- l4o  fps . Higher  values  are  not  of 
interest  for  the  present  investigation  since  this  represents  an  upper  limit  on 
STOL  landing  airspeeds  and  we  require  that  V/W  > 1 for  all  W.  Also,  the  lower 
range  of  W is  not  pertinent  since  shear-generated  turbulence  will  be  very  small  in 
this  range  and  only  thermal  instability  effects  will  be  of  prime  concern.  Finally, 
we  will  assume  constant  values  of  the  airspeed  V for  any  given  flight  and  straight 
glide  slopes.  Typical  values  are  determined  by  vehicle  landing  and  stall  speeds 
and  by  maximum  allowable  descent  rates.  Thus  if  we  use  the  parameter  V%,  to 
represent  airspeed  values,  the  considerations  outlined  above  lead  to  the 
following  criteria: 

(i)  ~ 10-20  fps  < Vf,  < ~ 120  fps 

(ii)  V ~ 120  fps  ->  (V/W  ) -120% 

v ' max  G max  G 

(iii)  V/WG  > 1 

These  criteria  are  displayed  graphically  in  Fig.  6. 


23 


Section  IV 


FEASIBILITY  OF  THE  MOVING  PROBE  TECHNIQUE 


Four  approaches  to  solving  the  problem  of  the  statistics  of  the 
aircraft  position  after  its  flight  through  the  planetary  layer  have  been 
described.  In  the  present  section,  we  shall  consider  in  detail  the  third 
approach  - that  is,  th  use  of  a probe  moving  through  the  flow  at  properly 
scaled  velocities  and  measuring  the  relevant  transient  turbulence  inputs 
on  each  of  many  repeated  runs. 

With  reference  to  Figure  3>  We  are  concerned  with  the  flight  of  the 
vehicle  from  A to  B through  the  simulated  planetary  boundary  layer.  We  will 
assume  that  the  reference  trajectory  is  approximately  the  same  as  the  glide 
slope  and  that  this  is  a straight  line.  Thus  the  moving  probe  will  travel 
the  linear  path  between  A and  E. 

If  we  consider  the  case  of'  the  simplest  possible  input  vector,  i.e., 


u(  t) 
v(t) 
w(t) 


then  the  moving  probe  must  be  able  to  simultaneously  measure  three  turbulence 
components.  If  we  extend  cur  range  of  interest  to  include  -radionts  of  these 
velocities,  however,  then  specially  designed  probes  will  be  required,  and  it 
is  emphasized  that  these  probes  must  be  such  as  to  allow  these  gradients  to  be 
obtained  simultaneously  with  the  turbulent  velocities.  Then  for  any  given  run 
of  the  probe  down  the  glide  path,  a set  of  time  functions  will  be  measured 
which  can  be  used  as  numerical  inputs  to  the  aerodynamic  mathematical  model 
to  determine  the  vehicle  force  inputs  and  ultimately  its  location  in  the 
target  plane  at  B.  An  ensemble  of  the  runs  will  then  provide  the  desired 
statistics . 
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There  are  two  main  advantages  of  the  mo.in  • probe  approach  over  the 
stationary  probe  solution.  Firs’:,  and  probably  most  important,  is  the  fac'  that 
no  assumption  is  required  about  the  statistics  of  the  dispersion  of  the  ve  icle 
location  in  the  target  plane;  that  is,  (Figure  2)  can  be  le ter min 
regardless  of  whether  it  is  .aussian  or  not.  Secon.':,  we  car.  apply 
measured  inputs  to  any  system,  linear  or  non-linear,  so  Ion  as  its 
mathematical  model  is  known.  In  order  to  capitalise  on  these  advanta.  s, 
however,  we  require  a probe  that  is  capable  of  simultaneous  mean  *rem  -nts  f 
all  the  desired  input  signals  and  which  can  be  moved  thro..  f.  • :.e  sir.  .la  ed 
flow  at  a precisely  controlled  speed. 

For  the  present  analysis  it  will  be  assumed  that  our  lar  (t  ."  x ■ • 
wind  tunnel  is  to  be  employed.  The  parameters  selected  tor  st  .iy  cai  to 
found  in  Table  2.  In  addition  the  following  /a lues  were  used: 


WC 


WG 

i 

S„ 


31*  fps 
68  fps 
3 ft 

w;/w_  = 


1 2 


Consider  a moving  probe  arrangement  such  as  that  shown  in  Fi  -are  7 
l o 

for  7_  - 45  . The  probe  is  guided  by  some  form  of  rigid  ’rock  an i is  driven  bj 

hi 

a chain  (or  belt)  which  is  mounted  on  a pair  of  sprockets.  To  achieve  minimum  flow 
interference  effects,  the  sprockets  should  be  located  outside  the  tunnel,  with 
openings  provided  to  allow  the  chain  to  pass  through.  A tynical  run  consists 
of  the  probe  initially  at  rest  at  the  top  of  the  tunnel  and  accelera'ed  to 
14  appropriate  veloci tj  ' a a,  the  he 3 ut  of  which  wo  choose  to  b<  z!  = -1". 

It  then  moves  at  the  velocities  dictated  by  the1  comp:.' a' ions  of  Section  _ .. 
until  it  reaches  some  point  B,  say  at  z*  - 3",  which  corresponds  o the  full 


I 


I 
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scale  decision  height.  At  this  stage  it  is  decelerated  and  brought  to  rest 
by  the  time  it  reaches  the  floor.  For  the  cases  of  7 = 15°  and  90°,  different 

tracks  would  be  used  and  the  actual  distances  of  probe  travel  would  of  course 
be  different  if  the  same  values  of  z1  were  retained  for  A and  3.  For  this  type 
of  arrangement,  then,  Table  2 shows  the  velocities  and  tines  at  the  start  (A) 
and  end  (B)  of  the  probe  runs  along  the  glide  path  for  the  complete  range  of  the 
parar.  ft  rs  concerned.  It  is  seen  that  even  with  the  half-speed  scaling  used  here, 
:ui*  large  probe  velocities  may  in  some  cases  be  required.  Thus  large  accelerations 
will  of  ourse  also  be  required.  The  case  for  n = 0.35,  V W,  = 1.9  and  7 = 45° 

is  seen  to  be  the  worst,  although  it  would  seem  reasonable  not  to  be  too  concerned 
with  this  particular  one  since  it  is  probably  beyond  our  range  of  interest.  We 

will  consider  the  sane  rase  for  ./W_  = 1.5,  however,  and  in  Figure  8 fhe 

G 

complete  probe  speed  profile  for  this  particular  run  is  shown  together  with 
S 

another  leas  extreme  case.  The  very  large  accelerations  that  will  be  required 
in  some  of  these  runs  are  clearly  seen,  with  the  most  extreme  values  occurring 
just  before  B is  reached  and  during  the  probe  deceleration.  Obviously  the 
reduction  of  the  larger  of  these  accelerations  would  alleviate  the  mechanical 
design  and  control  problems  involved,  and  the  possible  methods  for  doing  this 
are  discussed  in  the  following  section. 

4 .1  Frozen  Flow  Assumption 

It  is  clearly  seen  in  Fig.  8 that  the  largest  accelerations  during 
a given  run  could  be  significantly  reduced  if  larger  values  for  z'  were  chosen  - 
say  6"  instead  of  3"*  The  disadvantage  of  this  approach,  of  course,  lies  in 
the  loss  of  the  data  for  the  lower  altitudes.  That  :s,  if  z'  were  6",  tl.e 

D 

minimum  full  scale  height  for  which  data  could  be  obtained  would  be 
267’  for  the  n = 0.35  flows  (with  Zn  l600’)  and  167’  for  the 
n = 0.l6  flows  (with  Zr,  = 1000')  and  these  are  larger  than  we  would 
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like.  Another  possibility  for  reducing  accelerations  is  the  reduction  of 
the  simulated  flow  velocity  scale  factor  below  the  1, ’2  value  used  here. 


However,  this  results  in  reduced  signals  and  difficulty  in  obtaining 
satisfactory  mean  velocity  profiles  in  some  cases,  and  is  best  avoided  if 
possible.  A superior  method  is  provided  by  making  the  assumption  of  horizontally 
frozen  flow  - that  is,  the  turbulence  measured  at  any  level  in  the  flow  behaves  as 
though  it  were  the  result  of  a field  of  turbulence  frozen  in  time  which  is 
carried  along  by  the  mean  flow  W. 

In  Fig.  9 , the  probe  leaves  point  A in  a typical  run  along  A B at  the 

correctly  scaled  velocity  V' . It  reaches  point  D after  t'  seconds  and 

■E 

if  we  assume  horizontally  frozen  flow,  the  turbulence  it  measures  is  that  which  was  at 

point  C at  t'  =0  and  has  been  carried  to  D by  the  mean  flow.  Thus  the 

length  CD  is  W'(z')t'.  Similarly,  the  turbulence  measured  at  any  point  on 

the  correctly  scaled  run  down  the  true  glide  path  comes  from  a specific 

known  location  (path  ACS)  upstream  where  it  was  located  at  t’  = 0.  Thus  if 

we  have  the  probe  travel  along  some  new  path  such  as  AEK  which  is  further  from 

ACG  than  the  original  path,  it  must  be  moved  at  a slower  speed  to  allow 

the  turbulence  sufficient  time  to  travel  the  added  distances  such  as  DE. 

Consequently  the  horizontally  frozen  flow  hypothesis  allows  us  to  move  the  probe  at  a 

slower  speed  along  a different  path  to  measure  the  identical  signal  we 

would  get  at  the  correctly  scaled  speed  along  the  original  path. 

Consider  now  the  problem  of  determining  the  optimum  path  for 

minimizing  V^,.  There  are  two  approaches  that  could  be  taken.  First,  we  could 

specify  the  velocity  V'  at  which  we  wish  the  probe  to  travel  and  solve  for 

the  required  new  path  by  finding  the  angle  e . The  logical  choice  would  be 

Vi_,  = constant  for  all  z';  however,  due  to  the  variation  of  W'  and  V'  with 
EF  £, 

z',  this  would  lead  to  a curved  path.  This  path  would  of  course  be  different 
for  each  run,  depending  on  the  values  of  V£#  and  in  addition,  curved  paths 
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would  likely  be  mechanically  more  of  a problem  Chan  straight  paths.  Thus  we 

use  the  reverse  procedure.  That  is,  the  new  path  is  chosen  by  selecting  a constant 


value  for  € and  then  solving  for  the  required  value  of  V^,  at  each  height.  By 
choosing  e to  be  a constant  for  all  z',  V^,  becomes  a function  of  z'  and  can 
be  determined  for  any  desired  run.  It  is  smaller  than  V^,  the  amount  depending  on  the 
value  selected  for  e.  Consequently  some  solutions  have  been  obtained  as  outlined 
below  for  a range  of  6 such  that  an  optimum  value  for  minimum  V^,  can  be 
estimated. 

In  Figure  9,  the  time  required  for  the  probe  to  reach  point  D along 

AB  is 


t' 


dz1 


V-  sinrE 


(4.1) 


“A 


Alon  the  path  AK,  the  probe  moves  at  the  lower  velocity  and  reaches  point 
E at  a time 


z 1 


dz’ 


y ‘J  vy  sine 


(4.2) 


V’  must  be  i.osen  such  that  the  time  difference  t ' - t’  is  the  time  required 
EF 

for  the  turbulence  to  move  from  D to  E at  the  velocity  W’(z’);  that  is, 


t.\  - t*  = DE/W  ( z ’ ) 


(4-3) 


From  Figure  9 it  can  be  shown  that 


DE  = (z'  - z')  (cot?,,  + cote) 
A b 


(4.4) 


Thus  the  above  equation  may  be  written 
r"  A 


% Sln6  VE  sin7E 


....  . "A~ 


coty^  + cote 


(4.5) 
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and  by  differentiating  with  respect  to  2’  we  get 


Sin£  ' VESin7E 


f x 

= (cotig  + cote)  — 


•7  ' „ 7 ’ 

“A  dW’ 


(W1) 


2 dz’ 


(4.6) 


Rearranging,  this  may  be  written  as 


sin?r 


V 

EF  

;E  sine  + V'sin(/  + e)[l/W'  + (z'  - z')/(W)2  dW'  'dz'] 


(4.7) 


and  we  thus  have  an  expression  for  the  reduced  probe  velocity  at  any  point 

along  the  new  path  through  the  flow.  It  is  seen  that  this  velocity  is  a 

function  not  only  of  the  new  path  itself  (i.e.,e)  but  also  of  the  original 

velocity  VI,  and  the  wind  profile  W'(z')  , both  of  which  are  known.  It  is 

through  these  latter  parameters  that  the  z' -dependence  is  felt.  Once  V'  is 

EF1 

known  at  any  z',  the  traverse  time  ti  along  the  new  path  can  be  determined 
from  (4.2). 

Consider  now  the  question  of  the  optimum  value  of  e for  producing 
the  maximum  possible  reduction  in  probe  velocity  along  the  new  path.  As  an 
indication  of  the  effect  of  varying  e on  this  velocity,  we  make  the  simplifying 
assumption  of  constant  W' . In  this  case,  (4.7)  becomes 


Vi  sine  + Vi/W'  sin( 7n  + e)  (4.8) 

■Hi  £j  tj 

Values  of  Vg/W’  ranging  from  nearly  zero  to  1 or  2 could  be  encountered  in  our 
range  of  interest.  Consequently  (4.8)  has  been  plotted  as  a function  of 
£ for  each  y]r  with  V.',  V as  parameter,  with  the  results  shown  in  Fig.  10. 
These  curves  indicate  clearly  that  for  7 = 15°  or  45°,  the  optimum  t will 

hi 

be  fairly  close  to  90°  while  for  7 = 90°,  the  optimum  e lies  in  the  60-45° 

hj 

range.  Consequently  we  select  for  the  present  purposes  the  values  e = 90° 


for  7 = 15°  and. 45°  and  e = 45°  for  y„  = 90° 

Having  chosen  values  for  e,  we  may  now  use  (4-3)  and  (4.7^  along 
with  the  known  values  of  V'(z')  and  W'(z')  for  each  run  to  determine  the  required 
velocities  and  times  at  all  points  in  the  new  probe  trajectories.  The  new  speed 
profiles  for  the  runs  originally  given  in  Figure  8 are  shown  in  Figure  11. 

It  is  clearly  seen  that  the  large  accelerations  required  in  the  original  runs 
have  been  greatly  reduced  as  a result  of  the  frozen  flow  assumption  and  the 
use  of  the  new  trajectories.  Similar  results  are  observed  in  Figure  12  for  the 
case  of  a run  with  7 = 90°  and  € = 45°.  From  these  and  other  similar  results, 

£j 

the  values  shown  in  Table  3 have  been  obtained  for  the  general  range  of 

velocities  and  accelerations  at  which  we  must  be  capable  of  moving  the  probe 

for  our  range  of  interest,  both  with  and  without  the  frozen  flow  assumptions . 

The  advantages  of  this  assumption  are  obvious. 

The  foregoing  discussion  shows  clearly  how  the  assumption  of  frozen 

flow  may  be  used  to  reduce  the  performance  requirements  of  the  probe-moving 

apparatus  designed  for  this  approach.  Even  in  the  case  where  € is  chosen  to 

be  90°  f°r  all  values  of  y„  some  reduction  has  been  achieved.  In  this  particular 

b 

case,  of  course,  we  have  the  added  advantage  that  only  one  track  assembly  need 
be  used  so  that  the  mechanical  complexity  of  the  system  is  considerably  reduced. 
Unfortunately,  however,  we  must  view  these  results  with  some  degree  of 
skepticism  in  that  the  validity  of  the  frozen  flow  hypothesis  is  by  no  means 
a foregone  conclusion.  In  particular,  the  case  of  7 = 15°  requires  that  the 

turbulence  pattern  remain  frozen  over  a distance  as  large  as  3 or  4 boundary  layer 
thicknesses  in  the  lower  regions  of  the  flow.  As  an  indication  of  whether  or  not 
this  could  reasonably  be  expected,  the  data  obtained  by  Favre  (Reference  12)  in 
a laboratory  boundary  Layer  on  a flat  plate  are  useful.  His  results  for  two 
point,  space-time  correlations  of  the  longitudinal  (u)  component  of  turbulence 
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suggest  that  the  maximum  distances  over  which  the  turbulence  remains 


'frozen’  are  of  the  order  of  one  boundary  layer  thickness  or  less,  depending 

on  the  degree  of  'thawing'  one  is  willing  to  accept.  This  translates  into  a 

minimum  value  of  7^  of  roughly  45°  which  could  reasonably  be  represented  by 

a run  down  a 'frozen  flow'  track  at  6 = 90°.  For  the  case  of  7^  = 15°,  this 

111 

track  would  be  unacceptable  and  another  track  at  e no  less  than  l60°  would 
have  to  be  used.  It  is  to  be  noted,  however,  that  even  though  the  amount 
of  reduction  in  probe  velocity  is  much  less  for  e = l6o°  than  for  e = 90°, 
as  indicated  by  Figure  10,  there  is  still  a significant  reduction  in  the 
accelerations  required  along  the  'frozen  flow'  track  as  compared  to  those 
along  the  original  track.  This  is  clearly  seen  in  Figure  13  and  suggests 
that  even  though  an  assumption  of  frozen  flow  will  require  two  or  possibly 
three  different  tracks,  it  is  still  useful  for  reducing  the  performance 
requirements  of  the  probe-moving  system. 

The  above  conclusions  are  based  on  a fairly  crude  estimate  of  the 
validity  of  the  frozen  flow  hypothesis  using  results  for  only  the  longitudinal 
components  of  turbulence.  It  would  therefore  seem  useful  to  specifically 
test  its  validity  in  the  present  application.  This  could  be  done  indirectly 
using  two  stationary  probes  at  the  same  height  on  the  original  and  the 
'frozen  flow'  trajectories.  A comparison  of  the  time  delayed  signal  from  the 
front  probe  with  the  signal  from  the  rear  probe  could  be  used  to  indicate  the 
degree  to  which  the  frozen  flow  hypothesis  is  valid  at  each  height. 

4 .2  Probe  Requirements 

As  discussed  in  the  previous  section,  the  moving  probe  approach 
requires  simultaneous  meaai  rement  of  all  the  input  signals  of  interest  in 
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any  particular  run,  unless  a particular  input  is  derivable  from  some  other 
signal  that  is  measured.  Consequently  even  for  the  case  of  the  sinplest  input 


u(t) 

y(t) 

w(t) 


the  probe  must  be  capable  of  monitoring  the  three  velocities  simultaneously. 
This  can  be  done  using  a commercially  available  triple-wire  hot  wire 
anemometer  probe  together  with  three  channels  of  anemometry  with  linearizers 
and  the  appropriate  data  handling  equipment.  The  DISA  Model  55F8l  probe 
uses  three  independent  wires  of  platinum  plated  tungsten  aligned  at  90°  to 
each  other  and  appears  to  be  the  most  advantageous  probe  of  this  type. 

The  individual  signals  from  the  three  wires  are  functions  of  W' , Vi, 
u,  v , w.  Since  W'  and  Vj,  are  known  then  it  is  possible  to  determine  the 
three  turbulence  components  by  using  suitable  signal  processing.  The 
most  significant  limitation  of  this  probe  is  the  requirement  that  the 
instantaneous  velocity  vector  must  always  lie  inside  a cone  of  half-angle 
35°  with  respect  to  the  probe  axis  to  avoid  probe  support  interference  and 
thermal  cross-talk  among  the  wires.  If  we  assume  Gaussian  turbulence  with 
an  intensity  of  20 % for  the  component  (w.)  perpendicular  to  the  vehicle 
airspeed  vector  V (see  Fig.  4)  i.e.,  RMS  {w , } = 0.2V/,  then  the  magnitude 
of  is  less  than  0.J+9W  for  99%  of  the  time.  Thus  a rough  estimate  of  the 
maximum  angle  5 that  the  instantaneous  air  velocity  vector  makes  with  resnect 
to  V is  given  by: 


5 = tan 


-1 


0.49W 

III 


tan 


-1  O.I49W 
W 


(M) 


or  6 < 26°  since  |v|  > W for  all  cases  of  interest. 

This  means  that  the  probe  axis  should  be  kept  within  9°  of  the  V direction. 
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Table  U indicates  the  range  in  7,  the  angle  that  V makes  with  the  x axis 

~r 

I for  specific  run  conditions.  If  the  probe  axis  alignment  for  a given  run  is 

set  at  the  mid-point  in  7 experienced  on  that  run  then  the  requirement  is 
that  the  perturbations  in  7 about  that  value  not  exceed  9°.  It  is  seen  that 
this  condition  is  met  for  all  cases  except  those  for  7 = 90°  and  three 

£j 

cases  for  7^  = 45  . In  addition,  if  the  frozen  flow  assumption  is  made  and 
a new  probe  path  with  slower  velocities  is  used,  the  range  of  7 will  be  still 
less.  Thus  for  most  runs  there  should  be  no  velocity  angle  limitation  problem 
provided  that  an  appropriate  orientation  is  selected  for  the  probe  at  the  start 
of  the  run.  A simple  coordinate  rotation  may  then  be  used  to  obtain  the  signals 
in  the  desired  reference  frame. 

The  frequency  response  requirements  of  the  sensing  probe  are 
determined  from  the  range  of  interest  of  the  nondimensional  frequency  in  the 
full  scale  flow.  This  range  is  roughly  0.02  <fz/V<  10  (Reference  10)  where  f 
• is  the  frequency  and  z is  a characteristic  length,  say  height.  Typical  values 

of  these  variables  for  the  full  scale  and  model  flows  are  given  in  the  table 
below  and  indicate  that  the  probe  in  the  larger  simulation  tunnel  should  ha.e 
a usable  (i.e.,  flat)  frequency  range  of  about  0.2  to  300  Hz.  This  requirement 
presents  no  problem  for  the  triple  wire  probe.  As  for  other  characteristics  of 
this  instrument,  they  are  virtually  the  same  as  those  of  standard  X-type  hot  >• 

wire  probes  and  a discussion  of  these  properties  is  given  in  Reference  11  among  j 

others.  Cable  lengths  of  up  to  150  ft.  can  be  used  if  necessary,  thus 
simplifying  the  problem  of  monitoring  the  signal  from  the  moving  probe.  In 
addition,  the  probes  should  easily  be  capable  of  withstanding  accelerations  even 
as  large  as  100  g since  typical  drag  forces  on  the  wires  due  to  the  mean  flow 
are  up  to  eight  times  as  large  as  these  inertial  forces. 


Full  Scale 
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V(typ.) ,fps. 

z(  typ.)  ,ft.j 

f (Range )Hz 

Full  Scale 

80 

500 

.0032-1.6 

8"  x 8"  tunnel 

4o 

0.3 

2.6-1300 

44"  x 66"  tunnel 

4o 

1.5 

0.5-266 

1 

As  for  the  measurement  of  other  input  quantities  such  as  y- gradients  1 

i 

I I 

of  the  turbulent  velocities,  special  probes  must  be  designed  if  these  data 
are  required.  An  estimate  of  these  gradients  ofthe  velocities  can  be 
obtained  from  the  outputs  of  two  probes  at  different  lateral  positions . 

That  is,  if  two  triple-wire  probes  separated  in  the  lateral  (y)  direction 
by  a typical  aircraft  wingspan  (~1.5"  in  the  44"  x 66"  wind  tunnel)  are  used 
in  a given  run,  the  signal  for  each  like  component  obtained  at  the  same  time 
from  the  two  probes  can  be  used  to  estimate  the  gradient  in  that  component 
over  the  wing  span.  The  accuracy  of  this  approach  is  obviously  dependent  on 
the  characteristic  wavelength  in  the  lateral  direction,  being  better  as  this 
wavelength  increases.  Extension  of  the  input  to  include  gradients  found  in 
this  way  would,  however,  require  only  an  extra  triple-wire  probe  and  the 
associated  anemometry  equipment. 

To  obtain  x-gradients  (such  as  c>w/5x)  would  require  either  the  analytic 
approach  suggested  in  Section  3-2  or  still  further  refinement,  such  as  a novel 
probe  design,  or  alternatively,  the  addition  of  a third  probe  displaced  in 
the  x-direction.  If  three  probes,  each  capable  of  measuring  (u,v,w)  are  used, 
the  input  data  can  be  treated  in  the  form  of  Skelton's  method  (Reference  13),  which 
requires  that  the  aerodynamic  coefficients  describing  the  gust  forces  then  be 
expressed  in  a compatible  form. 
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4.3  Probe-Moving  Apparatus 

We  consider  in  this  section  the  mechanism  whereby  the  probe  or 
probes  are  to  be  moved  through  the  tunnel  with  the  precisely  controlled 
speed.  As  mentioned  previously,  some  form  of  guide  track  would  appear  to  be 
a necessity.  A trolley- like  device  would  carry  the  probe  down  this  track 
under  the  control  of  a chain  attached  to  its  front  and  back  coupled  to  a 
driven  sprocket.  A cross-sectional  view  of  a typical  track  configuration  i s 
shown  in  Figure  14  assuming  a sprocket  diameter  of  4".  The  trolley  sketched 
here  allows  variation  of  the  probe's  initial  angle  and  should  be  built  of  a 
lightweight  material  so  as  to  minimize  the  torque  requirements  of  the  drive 
motor.  The  location  of  the  drive  motor  is  shown  typically  in  Figure  15,  where 
an  arrangement  for  y^  = 9°°  is  displayed.  This  motor  must  be  capable  of 
accelerating  the  appropriate  masses  at  the  values  given  in  Table  3, 
with  the  exact  range  of  values  depending  on  the  assumptions  made.  The  relevant 
masses  incl\ide  the  probe,  the  trolley,  two  pulleys,  the  chain  and  possibly 
some  additional  mass  to  account  for  the  signal  cables.  This  last  effect  would 
likely  be  eliminated  and  in  fact  some  reduction  of  the  effective  mass  of  the 
system  could  be  achieved  for  parts  of  a run  if  the  cables  were  taken  up 
during  the  run  on  a spring  loaded  drum  such  as  that  s hown  in  Figure  15 . The 
spring  would  have  to  keep  the  bundle  of  cables  taut  and  should  thus  assist 
in  accelerating  the  probe  to  the  correct  values.  Deceleration,  however,  would 
of  course  be  made  more  difficult  and  some  optimum  situation  would  have  to  be 
chosen.  It  might  in  fact  be  advantageous  to  place  this  drum  at  the  top  of 
the  track,  instead  of  the  bottom,  to  obtain  maximum  benefits  in  the  deceleration. 
In  any  case,  for  an  arrangement  such  as  this,  it  is  suggested  that  the  total 
effective  mass  of  the  system  that  must  be  accelerated  by  the  drive  motor  could 
be  limited  to  a value  of  M ~ 1/32  slugs. 
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The  power  and  speed  requirements  of  the  drive  motor  can  be  determined 

from  the  data  of  Table  3-  For  a sprocket  with  a radius  R = l/6  ft,  the  probe 

and  motor  speed  are  related  by 

U = vy 2m  R = 0.955  V£  (4.10) 

where  u is  the  motor  speed  in  rev/sec  and  V^  has  dimensions  of  fps.  Similarly, 

the  linear  and  rotational  accelerations  are  related  by  w = 0.955  Vi.  The 

K 

motor  torque  is  given  by 

T = M R V ' = 0.00518  V'  ft- lb  (4.11) 

ilj  K 

and  its  power  consunption  can  be  found  from 

P = 27TTC0  = 0.0325  V'u=  0.0311  VI  Vi  f t-lb/sec  (4.12) 

hi  hi  hi 

In  addition,  the  largest  torques  are  generally  encountered  at  maximum  speed. 
Thus  using  the  above  relations  and  the  data  of  Table  3,  the  results  for 
the  maximum  torque  and  power  requirements  of  the  motor  are  obtained  (see 
Table  5)  . 

These  results  and  those  of  Table  3 indicate  the  specifications  that 
must  be  met  by  the  drive  motor  in  the  moving  probe  system.  The  motor  itself 
should  likely  be  a DC  type  which  is  controlled  using  a servo- feedback  loop  from 
the  output  of  a motor  tachometer  as  shown  in  Fig.  16.  The  input  voltage  V^ 
would  be  proportional  to  V'(t')  or  V'  (t')  as  shown  typically  in  Figures  11 

iii  Kb 

to  13,  such  that  the  motor  speed  w could  produce  the  correct  values  of  probe 
speed  according  to  (4.10).  The  voltage  signal  could  be  obtained  quite 
simply  by  using  a digital  computer  to  produce  the  desired  function  and  digital- 
to-analog  conversion  to  obtain  the  analog  signal  on  tape  for  use  as  the  system 
input.  The  basic  question  to  be  answered  for  a system  of  this  type  is  the 
difficulty  in  having  it  meet  the  specifications  given  above  and  its  resulting 
complexity  and  cost.  Indications  from  manufacturers  of  motor  and  control 
systems  are  that  the  requirements  for  the  case  of  the  frozen  flow  assumption 


i 


36 


k 


in  which  two  values  of  € (90°  and  45°)  are  used  can  be  satisfied  using  a fairly 

1 standard  system.  For  the  other  cases,  however,  only  the  accelerations  required 

during  the  acceleration  and  the  actual  run  between  A and  B (Figure  7 ) can  be 
reasonably  straightforwardly  achieved.  The  large  power  required  for  the 
deceleration  lies  beyond  standard  ranges  and  several  thousand  dollars  would 
likely  be  required  to  develop  a motor  and  control  system  to  meet  this  requirement. 

It  would  seem,  however,  that  any  probe-moving  system  ultimately  built  should  in  fact 
be  capable  of  allowing  the  non- frcnen  case  to  be  studied  as  well  as  the  frozen 
case.  This  is  because  there  is  always  some  degree  of  approximation  associated 
with  the  frozen  hypothesis  and  tests  of  its  validity  with  stationary  probes  might  well 
indicate  unacceptably  large  ’thawing'  of  the  flow  in  this  application.  In  addition, 

, this  capability  would  allow  more  direct  testing  of  the  frozen  flow  hypothesis  by 

comparison  of  the  data  from  the  two  appropriate  moving  probe  runs . We  therefore 
require  a method  for  overcoming  the  deceleration  problem  for  the  non-frozen  case 
at  a reasonable  cost. 

One  possible  solution  to  the  deceleration  problem  would  be  the  use  of 
a clutch  between  the  motor  and  driven  sprocket  and  a disc  brake  at  the  other 
sprocket.  These  could  be  magnetically  activated  so  that  a photocell  located 
at  point  B in  Figure  7 could  trigger  both  a declutching  and  braking  response 
as  the  probe  passed  this  point,  thereby  stopping  the  probe  itself  but  allowing 
the  motor  to  run  freely.  It  is  likely,  however,  that  a systemof  this  type 
would  be  not  much  cheaper  than  a custom  designed  servo-system.  It  is  therefore 
suggested  that  the  best,  or  at  least  the  most  economical  approach  to  follow 
would  be  to  place  an  opening  in  the  tunnel  floor  through  which  the  probe  and 
trolley  could  both  pass.  In  this  way  the  probe  braking  distance  would  be 
increased  and  the  required  deceleration  magnitude  could  be  reduced  to  an 
acceptable  value.  A sealed  enclosure  could  be  placed  around  the  lower  pulley 
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and  take-up  drum  in  Figure  15  to  prevent  air  exchanges  with  the  outside  of  the 
I tunnel;  the  hole  in  the  floor  would  not  be  expected  to  cause  significant 

interference  with  the  flow. 

t 

In  the  preceding  discussion,  we  have  considered  the  cost  of  building 
a system  based  on  only  one  track.  As  discussed  in  Sec. 4.1,  this  would  be 
sufficient  if  the  frozen  flow  hypothesis  were  valid  regardless  of  the 
distance  travelled  by  the  flow  from  a given  point.  In  reality,  hcwever,  at 
least  two  and  probably  three  tracks  would  be  required  if  three  angles  of  glide 
path  (7E  = 15  °,  45°  and  90°)  are  to  be  investigated,  even  when  the  frozen 
hypothesis  is  valid  over  reasonable  distances.  Consequently  the  sprocket 
arrangement  at  least  at  one  end  of  the  track  must  be  moveable  and  the  track 
itself  must  be  extendable  or  replaceable.  In  addition,  we  must  consider  the 
question  of  glide  paths  which  are  not  directly  upwind  but  are  yawed  horizontally 
with  respect  to  the  mean  flow.  This  would  require  the  capability  of  yawing 
the  guide  track  in  both  the  frozen  and  non-frczen  cases  and  could  only  be  done 
if  the  sprockets,  etc.,  at  both  ends  of  the  track  are  moveable.  Obviously 
the  complexity  and  cost  of  the  entire  moving  probe  apparatus  increases  greatly 
when  both  variable  y„  and  variable  yaw  are  to  be  provided,  and  an  increase  by 

£j 

a factor  of  at  least  2 in  the  overall  cost  of  the  system  would  not  appear  to  be 

an  overestimate.  For  the  stationary  probe  approach  to  the  problem,  of  course, 

no  extra  difficulty  is  encountered  either  in  varying  7„  or  providing  measure- 

111 

ments  along  yawed  glide  paths,  and  this  is  therefore  another  significant 
advantage  of  that  technique. 

4.4  Instrumentation 

The  amount  of  instrumentation  and  data  handling  equipment  required  for 
the  moving  probe  solution  in  addition  to  that  already  available  at  UTIAS  would 
depend  on  the  number  of  input  characteristics  to  be  obtained.  In  the  simple 
case  of  the  turbulent  velocities  u,  v and  w alone,  only  one  triple-wire 
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probe  and  one  spare  would  be  needed,  since  the  required  hot  wire  anemometry  is 

available.  If  gradients  were  also  to  be  obtained,  at  least  three  triple-wire 

probes  (including  at  least  one  spare)  would  be  required  in  addition  to  at  least 

two  more  channels  of  anemometry.  As  for  signal  handling,  the  input  voltage 

iA  could  be  easily  produced  with  existing  equipment.  The  output  signals  from 

either  one  or  two  moving  triple-wire  probes  could  be  digitized  for  further 

handling.  This  would  require  sampling  at  a minimum  rate  of  600  per  second  for 

the  frequencies  of  interest  here  and  again  should  present  no  unusual 

difficulties  for  existing  facilities  at  UTIAS. 

Finally,  we  consider  the  number  of  independent  runs  that  must  be 

performed  in  order  to  obtain  reliable  statistics  for  the  distribution  of  the 

2 

vehicle  location  in  the  target  plane.  For  x -testing  at  the  % significance 

level,  Reference  14  indicates  that  we  must  have  at  least  5 readings  in  each 

2 

class  interval  in  order  that  the  appropriate  test  statistic  have  the  x 

distribution.  In  addition,  we  must  have  a minimum  number  of  class  intervals 

depending  on  the  number  of  observations  that  are  taken.  If  we  assume  the 

dispersion  of  the  target  point  is  Gaussian  then  it  is  found  that  reliable 
2 

X -testing  can  be  done  out  to  two  standard  deviations  from  the  mean  if  at 

least  300  observations  are  used,  since  this  would  yield  5*2  readings  in  the 

last  class  interval.  If  200  runs  were  used,  there  would  be  4.0  readings  in 

this  interval.  Thus  we  see  that  200-300  runs  would  be  required  for  any 

2 

glide  angle  in  order  to  supply  sufficient  data  for  reliable  x -testing  at 
the  % significance  level. 
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Section  V 

EXPERIMENTAL  : ACUITIES 

As  discussed  in  Theory  ol’  the  Stati onary- Probe  Method  , one  of  the 
main  prerequisites  for  applying  the  stationary-probe  solution  t,o  the  problem 
under  consideration  is  the  input  matrix  of  turbulence  cross-correlations,  . 

While  this  information  can  (and  ultimately  should)  be  obtained  from  atmospheric 
measurements,  it  is  desirable  from  the  standpoint  of  both  cost  and  expediency 
to  obtain  at  least  initial  measurements  from  a suitable  wind  tunnel  simulation 
of  the  atmospheric  flow.  There  are  at  present  two  facilities  at  UTIAS  capable 
of  producing  such  a simulation,  and  measurement  of  W in  these  facilities  is 
currently  in  progress. 

5.1  The  UTIAS  8"  x 8"  Multiple-Jet  Wind  Tunnel 

A small,  ei  :ht-inch-sauare  multiple- jet  wind  tunnel  (Figs.  17  and  18)  has 
been  used  at  IJTIAS  to  produce  boundary  layer  flows  up  to  7”  thick  with  gradient 
velocities  up  to  about  35  fps.  It  is  an  open- circuit  tunnel  and  is  driven  on 
the  ejector  principle  by  an  array  of  64  jets  located  across  a section  near  its 
upstream  end.  The  velocities  of  these  jets  may  be  individually  controlled, 
thereby  allowing  flows  with  virtually  any  desired  mean  velocity  profile  to  be 
produced  in  the  test  section.  A barrier  plate  located  across  the  tunnel  floor 
is  used  to  trip  the  flow  and  produce  the  desired  levels  of  turbulence  in  the 
test  section.  Varying  the  height  of  this  barrier  allows  different  values  of 
turbulence  intensity  to  be  obtained,  while  particular  velocity  prefiles  may  be 
virtually  independently  retained  by  simple  jet  velocity  adjustment.  The 
turbulence  produced  by  the  barrier  is  maintained  in  the  downstream  direction 
by  surface  roughness  elements  placed  on  the  tunnel  floor.  Further  details  of 
this  tunnel  and  its  operation  can  be  found  in  Reference  15. 
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In  simulating  the  atmospheric  boundary  layer  in  the  multiple- jet 

tunnel,  some  fundamental  assumptions  must  be  made  about,  the  nature  of  the 
prototype  flow.  First,  the  atmosphere  is  assumed  to  be  neutrally  stable  with 

the  turbulence  being  generated  primarily  due  to  the  interaction  of  a strong 

wind  with  surface  roughness.  In  addition,  Coriolis  effects  must  be 

assumed  to  be  negligible  in  the  atmospheric  flow  because  it  is  not 
possible  to  simulate  them  in  the  wind  tunnel.  In  general,  these  assumptions 

tend  to  limit  the  flows  which  can  properly  be  simulated  to  those  which  do  not 
extend  too  far  above  the  earth's  surface  and  in  which  the  mean  wind  speed  is 
fairly  high.  However,  the  important  effects  of  terrain  in  producing  local 
shears  can  be  simulated  reasonably  well,  while  the  high  wind  speed  case  is  often 
the  critical  one  for  aeronautical  applications.  As  for  the  increase  in  the  mean 
speed  with  height  above  the  surface,  power-law  relationships  are  assumed  to 
represent  adequately  the  actual  variation,  dhould  any  modification  to  such, 
profiles  be  desired,  however,  the  technique  of  jet  velocity  adjustment  allows 
such  modifications  to  be  produced  quite  easily. 

5.1.1  8"  x 8"  Wind  Tunnel  Flow  Characteristics 

The  characteristics  of  the  laboratory  simulation  of  the  flow  over 
flat,  open  country  (n  = 0.l6)  are  shown  in  Figs.  19  to  23.  (Note  that  y'  = 0 
corresponds  to  the  tunnel  center  line  and  S represents  the  distance  downstream 
of  the  jet  grid.)  The  mean  velocity  profiles  produced  at  the  test  section 
entrance  are  seen  in  Fig.  19  to  follow  the  desired  curve  very  well.  Good 
lateral  uniformity  (i.e.,  two-dimensionality)  has  been  achieved  and  little 
change  in  this  profile  was  found  througho\it  the  test  section.  The  parameters 
of  the  desired  curve  are  W’  = 3^  t)?s  and  Z'  = 7".  Thus  with  respect  to  the  full 
scale  planetary  flow  (W„  = 68  fps,  Z.,  = 1000  ft),  the  velocity  scale  factor  is 

(j  Cr 

l/2  and  the  length  scale  factor  is  1/1715  for  the  present  simulation. 
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Turbulence  intensity  profiles  for  the  three  fluctuating  components  are 
shown  in  Fig.  20  and.  agree  well  with  corresponding  atmospheric  da'.a.  Typical 


power  spectral  density  curves  are  presented  in  Fig.  21  and  Reynolds  stress 
results  in  Fig.  22  . In  Fig.  23,  the  longitudinal  component  integral  scale 
is  seen  to  agree  reasonably  well  with  suggested  atmosphar ic  results  and  also 
with  the  results  obtained  in  another  boundary  layer  wind  tunnel  simulation 
of  this  flow.  The  vertical  scale,  however,  agrees  with  suggested  atmospharic  data 
only  in  the  lower  regions  of  the  flow  and  is  considerably  smaller  than  desired  in 
the  upper  half  of  the  tunnel.  Since  representing  the  vertical  eddies  in  the 
simulated  flow  on  too  small  a scale  may  be  a disadvantage,  particularly 
for  aircraft  applications  such  as  the  present  investigation,  some  effort  was 
made  to  increase  these  scale  values. 

5.1.2  Roof  Tests  ~ " 

In  the  planetary  boundary  layer,  large  scale  velocity  fluctuations  in 

the  vertical  direction  tend  to  be  suppressed  at  lower  heights  due  to  the  presence 

of  the  earth's  surface.  For  this  reason  vertical  component  scales  in  this  region 

x 

are  smaller  than  at  higher  altitudes  and  we  find  a distinct  increase  in  Lw  with 

height,  as  indicated  by  the  suggested  atmospheric  results  in  Fig.  23  . The  same 

effect  should  of  course  apply  in  the  simulated  flow  and  this  accounts  for  the 

observed  increase  of  L with  height  in  the  lower  half  of  the  tunnel.  In  this 
flow,  however,  we  also  have  a solid  boundary  at  the  top  of  the  boundary  layer  and 

it  is  suggested  that  this  is  the  probable  cause  of  the  low  values  of  L*  found  in 

the  upper  region  of  the  flow.  That  is,  unlike  the  full  scale  planetary  flow,  we 

have  in  this  simulation  no  free  stream  region  above  the  boundary  layer,  with  the 

result  that  the  presence  of  the  roof  suppresses  large  scale  vertical  fluctuations 

and  thus  prevents  L from  increasing  with  height  as  it  should.  One  possible 

method  of  overcoming  this  difficulty  would  be  to  raise  the  roof  to  allow  for  a 
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free  stream  region.  This  would,  however,  considerably  increase  the  tunnel  power 
requirements  and  in  the  present  facility  it  would  necessitate  major  reconstruction. 
Another  approach  would  be  simply  to  simulate  the  planetary  flow  on  a smaller  scale 
(i.e.,  Z'  < 7"),  but  in  the  present  case  the  boundary  layer  thickness  would  be 
unusably  small  and  in  addition  we  would  be  left  with  too  few  jets  in  the  boundary 
layer  region  of  the  tunnel  to  provide  adequate  control  of  the  mean  velocity 
profile.  It  was  therefore  decided  in  the  present  case,  due  to  time  limitations, 
to  perform  some  fairly  crude  experiments  involving  variation  of  the  tunnel  roof 
configuration  in  an  atterrpt  to  remove  its  suppressive  effect  on  L*  . 

In  order  to  carry  out  the  desired  tests,  the  last  three  tunnel  sections 
shown  in  Fig.  17  (S  = 36"  to  76")  were  removed  and  replaced  by  a new  4o"  section 
with  a removable  roof.  In  this  way  the  roof  boundary  condition  could  be  easily 
altered  by  simply  exchanging  various  roof  sections.  The  configurations  investigated 
are  shown  and  identified  in  Fig.  24  . 

The  effect  of  the  different  roof  types  on  the  vertical  component  scale 

y I 

was  determined  by  measuring  for  each  case  in  the  test  section  entrance  plane 
(S/H  6.75).  For  the  case  of  the  slotted  roof  (ho.  2)  several  heights  were 
considered  while  for  the  remaining  cases,  the  value  at  z'  : 6.5"  (z'£'  = 0.93) 
was  used  to  typify  the  roof  effects.  Scales  were  found  using  the  spectral-fit 
approach  in  which  it  is  assumed  that  the  vertical  conponent  power  spectrum  can 
be  reasonably  fitted  by  a von  Karman  model  spectrum.  Then  from  the  location  of 
the  peak  of  the  spectrum  (k^^)  along  the  frequency  axis,  L*  is  determined  using 
the  model  spectrum  result  (see  Appendix  A). 

li'-2U06  (5.1) 

w k' 

xpw 

This  approach  yields  true  integral  scales  only  insofar  as  the  measured  spectra 
actually  follow  the  model  spectrum  shape,  but  in  the  case  of  the  original  solid 
roof  the  agreement  is  seen  to  be  fairly  good  (Fig.  25).  This  is  in  fact 
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the  only  reasonable  method  for  estimating  scale  in  the  present  case,  particularly 
when  correlation  curves  have  a significant  negative  region.  Further  discussion 
of  the  various  approaches  for  scale  determination  can  be  found  in  Ref.  11. 

The  scale  results  obtained  for  the  case  of  a slotted  roof  (Wo.  2,  Fi ... 

2b  ) are  shown  in  Fig.  23  where  it  is  evident  that  no  significant  chan -e 
has  resulted  in  the  lower  region  of  the  flow.  In  the  upper  section,  good  data 
could  not  be  obtained.  The  reason  for  this  stems  from  the  fact  that  the  use 
of  the  slots  in  the  roof  resulted  in  a serious  'beating'  phenomenon  in  this 
region  of  the  flow.  This  phenomenon  could  be  felt  by  an  observer  by  placing  a 
hand  above  the  slots,  and  its  presence  is  clearly  seen  in  the  spectral  measure- 
ments as  displayed  in  Fig.  25  . It  is  obvious  that  the  spectrum  no  longer 
/ / 

resembles  the  von  Karman  model,  and  comparison  of  the  scales  obtained  by  the 
above  technique  from  these  two  spectra  is  virtually  meaningless.  The  possible 
alternative  of  using  correlations  rather  than  spectra  to  determine  scales  is 
precluded  in  practise  by  the  large  negative  region  of  the  appropriate  auto- 
correlation curve  as  shown  in  Fig.  26  . in  addition  to  the  measurement  problem, 
of  course,  is  the  fact  that  a spectral  shape  including  this  low  frequency  peak 
is  entirely  unacceptable  as  a simulation  of  atmospheric  turbulence. 

Initial  attempts  at  removing  the  beating  phenomenon  from  the  flow  involved 
the  use  of  screens  placed  over  the  slots  in  an  attempt  to  break  up  the  organized 
pattern  which  was  producing  it.  This  procedure  in  fact  Lad  no  major  effect  on 
the  spectral  peak  save  for  shifting  it  slightly  along  the  frequency  axi  s (Fi,-. 

25  ).  That  is,  for  the  slotted  roof  with  no  screens  (Case  No.  2),  the  frequency 
of  the  peak  was  roughly  16  Hz,  while  with  the  coarse  screen  (Case  No.  3)  it  was 
about  22  Hz  and  with  the  fine  screen  (Case  No.  4 ) about  3i  Hz.  Its  magnitude 
however,  was  relatively  unaffected  by  the  screens.  Suspecting  that  the  beating 
might  somehow  be  associated  with  the  size  or  shape  of  the  slots,  we  tested  a 
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roof  with  holes  rather  than  slots  (Case  No.  5).  This  resulted  in  removal  of 

x' 

the  beating  but  only  at  the  expense  of  returning  the  flow,  including  Lw',  to  vir- 
tually the  same  condition  it  was  in  with  the  ori  inal  solid  roof.  When  the  roof 

was  removed  altogether  (Case  No.  6)  the  spectral  peak  reappeared  at  " 19  Hz,  and 

when  a fine  screen  was  added  (Case  No.  7)  it  was  merely  shifted  again  to  about 

30  Hz.  Finally,  slots  normal  to  the  flow  direction  were  tried  (Case  No.  8)  by 
placing  2"  wide  slats  across  the  open  roof  at  spacings  ranging  from  l/2"  to 
3".  In  this  case,  no  peak  was  observed  when  the  probe  was  located  at  z'  = 6.5" 
directly  below  a slat,  but  it  reappeared  at  about  38  Hz  if  the  probe  was  below 
the  open  space  when  d was  3".  In  the  former  case,  however,  the  scale  was  again 
no  larger  than  that  obtained  with  a solid  roof. 

The  exact  cause  of  the  beating  phenomenon  described  above  remains  unknown, 
although  we  may  speculate  on  its  origin.  The  fact  that  it  appears  to  be  associated 
with  those  configurations  for  which  no  solid  boundary  exists  between  the  flow 
inside  the  tunnel  and  the  laboratory  air  outside  leads  one  to  consider  the  inter- 
mittency  found  at  the  edge  of  shear  layers,  and  in  particular  in  the  outer  regions 
of  a turbulent  boundary  layer.  This  intermittency  has  been  discussed  by  Klebanoff 
(Ref.  16)  and  stems  from  the  fact  that  the  boundary  between  the  turbulent  and 
non- turbulent  flow  is  quite  sharp  and  has  an  irregular,  constantly  changing  shape 
such  as  that  shown  in  Fig.  27.  Thus  a probe  located  at  a point  such  as  x 
alternately  sees  a turbulent  and  non- turbulent  flow.  Klebanoff 's  results  suggest 
an  average  wavelength  for  this  irregular  outline  to  be  about  twice  the  boundary 
layer  thickness,  which  in  the  present  case  would  be  about  1.3  ft.  If  ‘he 
outline  were  then  assumed  to  be  frozen  and  carried  past  the  probe  with  the  free 

stream  velocity  (~  32  fps),  the  resulting  intermittency  would  have  a frequency 
of  roughly  25  Hz,  and  this  is  in  the  general  region  of  the  frequencies  observed 
for  the  spectral  peak.  As  a further  investigation  of  this  intermittency, 
oscilloscope  traces  of  the  turbulent  signal  just  above  the  level  of  the  tunnel 
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roof  with  no  roof  present  were  studied.  Intermittent  bursts  of  turbulence  were 
indeed  observed  here  with  a frequency  of  ~ 15-20  per  second,  suggesting  that 
there  might  in  fact  be  a correlation  between  this  phenomenon  and  the  beating 
that  was  observed.  However,  it  seems  extremely  unlikely  that  this  effect  could 
remain  significant  when  screens  are  located  between  the  tunnel  flow  and  the 
laboratory  air  as  for  Case  No.  7. 

In  the  present  experiment,  although  a start  was  made  on  the  use  of  a plastic 
membrane  roof,  there  was  unfortunately  little  time  available  to  pursue  further 

investigations  into  either  the  beating  phenomenon  or  the  problem  of  the  low 

x' 

values  of  L near  the  roof.  These  investigations  are  strongly  recommended  for 

w 

future  research.  For  the  present,  the  solid  roof  configuration  was  accepted  as 
the  most  reasonable  and  was  used  for  all  the  measurements  presented  in  this  report. 

5.1.3  Instrumentation 

The  basic  instrumentation  used  in  the  present  experiment  is  identical  to 
that  used  and  described  in  Ref.  11.  Complete  details  can  be  found  in  the  appen- 
dices of  that  report  and  thus  only  a brief  resume  of  this  equipment  is  included 
here. 

All  turbulent  flow  velocity  measurements  made  in  the  8"  x 8"  tunnel  were 
obtained  with  four  channels  of  DISA  type  55D01  constant  temperature  hot  wire 
anemometers  and  type  55D10  linearizers.  The  hot  wire  probes  used  were  DISA  type 
55E30  single  wire  probes  for  the  longitudinal  component  and  type  55A38  miniature 
cross-wire  probes  for  both  the  longitudinal  and  lateral  components. 

Autocorrelations  and  cross-correlations  of  the  velocity  components  in  this 
experiment  were  obtained  using  a Princeton  Applied  Research  (PAR)  Model  100  Signal 
Correlator.  This  instrument  produces  time-delay  correlation  curves  on-line  for 
any  two  input  signals  for  a maximum  delay  time  t which  may  be  selected  between 

ITlcLX 

0.1  msec  and  1.0  seconds.  One  hundred  points  on  the  correlation  curve  are 
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available  in  the  form  of  analog  voltages  stored  at  the  output  of  simple  RC  filter 
networks . 

Power  spectral  densities  of  the  velocity  components  were  obtained  by  Fouri 

transformation  of  correlati  curves  using  the  digital  computer,  which  subse- 
quently was  also  used  to  p_  the  results.  A block  diagram  of  the  complete 
system,  including  the  hot-wire  instrumentation,  is  shown  in  Fig.  28a  and  photo- 
graphs in  Fig.  28b. 

5.2  The  UTIAS  (4U"  x 66")  Boundary  Layer  Simulation  Tunnel 

The  new  boundary  layer  simulation  tunnel  at  UTIAS  is  a 
modified  version  of  an  older,  closed-circuit,  low-speed  tunnel  in  which  the 
multiple-jet  concept  has  been  incorporated  to  produce  the  desired  boundary 
layer  flows.  An  8 x 12  array  of  96  jets  (Figure  29)  is  used  to  drive  the  tunnel 
in  the  boundary  layer  simulation  mode,  with  additional  energy  being  supplied  as 
desired  by  the  original,  60  horsepower  axial  fan  located  in  the  tunnel  return 
section.  This  fan  may  also  be  used  to  operate  the  tunnel  in  a uniform  flow 
mode.  That  is,  with  the  jets  turned  off,  it  is  capable  of  producing  a uniform, 

relatively  low- turbulence  (2-3$  intensity)  flow  in  the  test  section  with  a 
mean  speed  of  up  to  100  fps. 

The  velocities  of  the  jets  in  the  array  can  be  adjusted  in  groups  of 

three  by  a set  of  32  servo-controlled  butterfly  valves  located  in  the  air  supply 

i 

lines.  The  positions  of  these  valves  may  be  adjusted  from  a central  control 
panel,  thus  simplifying  the  creation  of  particular  velocity  profiles  in  the 
test  section.  Air  is  supplied  to  the  jets  from  a 75  horsepower  centrifugal 
blower  and  leaves  the  tunnel  via  a set  of  exhaust  doors  at  the  downstream  end 
of  the  test  section.  As  in  the  small  jet  tunnel,  barrier-plates  are 
used  to  generate  turbulence  and  surface  roughness  is  used  to  maintain  it  in 


the  downstream  direction. 


The  test  section  of  the  new  tunnel  is  44"  high,  66"  wide 
and  has  a usable  length  o f 12  feet.  A variable-angle  roof  has  been 
provided  to  allow  some  control  over  longitudinal  static  pressure  gradients 
through  the  test  section.  This  section  describes  the  design,  construction  and 
calibration  of  this  facility  (Reference  l6) . 

5.2.1  Basic  Design  Considerations 

The  basic  design  for  modifying  the  original  UTIAS  subsonic  wind  tunnel 
is  a scaled-up  closed-circuit  version  of  the  small,  8"  square  prototype 
tunnel  described  in  the  previous  section.  The  latter  tunnel  (Fig..  18)  is  an  open 
circuit  model  which  is  driven  on  the  ejector  principle  by  an  array  of  64  jets 
located  across  its  cross-section.  The  jets  are  circular  and  form  an  8 x 8 grid 
(Fig.  30)  with  a separation  of  1:'  between  adjacent  jets  (i.e.,  a 'meshlength'  of 
1") . Primary  air  is  supplied  to  the  jets  through  the  sides  of  the  tunnel  via 
individual  lines  from  a centrifugal  blower. 

The  basic  parameters  of  the  prototype  tunnel  that  could  be  varied 
in  a new  facility  were  the  number  of  jets.,  their  shape,  their  geometrical  arrange- 
ment, and  the  total  jet  area  as  defined  by  the  ratio  or  = kJk.  where  A.  is  the 
total  jet  area  and  Ap  is  the  tunnel  open  area  at  the  jet  grid- 
The  simple  ejector  analysis  of  References  11  and  17  was  used  to  predict  tunnel 
performance.  For  the  prototype  tunnel  a value  of  20  was  chosen  for  a and 
this  was  again  used  in  the  new  facility.  If  friction  losses  are  included 
in  the  analysis  it  is  found  that 


Up/u.  =0.17 

(5.2) 

U,/U,  = 0.21 

(5.3) 

Where  all  velocities  are  assumed  to  be  average  values;  U0  is  the 
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velocity  of  the  air  outside  the  jets  at  the  exit  plane  of  the  jets,  U.  is 
the  jet  velocity,  and  Ug  is  the  flow  velocity  in  the  mixed  flow  region 
(see  Fig.  31) . 

The  experimental  results  of  Reference  11  were  found  to  agree  quite 
well  with  these  values  and  consequently  they  were  used  for  predicting  design 
velocities  in  the  new  tunnel. 

As  for  the  number  and  arrangement  of  jets  in  the  new  tunnel,  the 
basic  pattern  used  in  the  prototype  was  retained.  The  eight  rows  of  jets 
in  the  small  tunnel  allowed  a good  degree  of  control  over  the  velocity 
profile  and  still  permitted  the  production  of  reasonable  turbulence  scale 
values  when  barriers  were  used.  Equal  lateral  and  vertical  jet  spacing 
provided  reasonable  lateral  homogeneity  of  the  flow  and  was  thus  also 
retained.  The  shape  of  the  individual  jets,  however,  was  changed  from 
round  to  square  in  the  new  tunnel  in  order  to  simplify  their  construction. 

The  results  of  Reference  11  suggest  that  such  a change  should  have  no 
significant  effect  on  the  flows  produced  in  the  mixed-flow  region  of  the 
tunnel. 

5.2.2  Details  >f  44"  x 66"  Tunnel 

The  original  closed-circuit  UTIAS  subsonic  wind  tunnel  is  si: own 

- 

in  Fig. 32  in  schematic  form.  The  most  convenient  and  economical  way  to  modify 
this  facility  to  the  multiple-jet  configuration  was  to  replace  ■ he  contraction  cone, 
test  section  and  diffuser  between  A and  E in  tiie  drawin  with  a new  contraction, 
a jet  ;rid  section,  and  a boundary- layer  - 'rowtli  ;md  test  section.  Thus  a total 

■ 

length  of  449"  was  available  for  the  new  section,  and  it  was  this  dimension  that 
determined  its  height.  That  is,  we  wished  to  produce  boundary  layer  flows  having 
the  maximum  possible  thickness  in  the  available  space.  FromRef.il,  it.  was 


49 


f 


found  that  for  the  multiple- jet  type  of  tunnel,  a usable  test  section  was  available 
between  5-1/2  and  8-1  2 tunnel  heights  from  the  jet  exit  plane.  Thus  allowing 
roughly  6-12  feet  for  the  contraction  cone  and  jet  grid  sections,  a total 
length  of  about  371"  was  available  in  which  to  place  about  8-1/2  tunnel  heights. 
This  yielded  the  design  tunnel  height  of  44"  and  should  allow  boundary  layer  flows 
up  to  36"  thick  to  be  obtained.  As  for  the  tunnel  width,  the  results  o Ref.  11 
showed  that  in  some  cases  fairly  large  boundary  layers  could  be  encountered  on 
tunnel  walls  when  a barrier  was  used  to  produce  turbulence  in  the  test  section. 

For  this  reason,  and  because  increased  tunnel  width  is  advantageous  for  lar  -e 
terrain  models,  a width  of  66"  was  selected.  A layout  of  the  modified  tunnel  is 
jiven  in  Fig.  33  and  a general  view  is  seen  in  Fig.  34. 

Jet  Grid  Section 

With  a tunnel  cross-section  44"  x 66"  and  an  area  ratio  a = 20, 

the  total  jet  area  is  fixed  at  138  sq.  in.  In  addition,  the  use  of  eight  jet 

rows  results  in  a jet  spacing  of  5*5"  vertically  and  consequently  twelve  columns 

of  jets  for  equal  vertical  and  lateral  spacing.  The  complete  array  therefore 

2 

consists  of  96  jets  each  having  an  area  of  1.44  in  . Square  jets  were  designed 
(1.2"  x 1.2")  with  each  row  being  covered  by  an  airfoil  to  reduce  friction  losses 
just  as  in  the  prototype.  An  upstream  view  of  the  entire  grid  is  gi.en  in  Fig.  35 
together  with  the  notation  system  chosen  for  jet  identification.  Fig.  36  is  a 
photo  of  the  coiqpleted  grid. 

As  seen  in  Fig.  35,  the  columns  of  jets  have  been  identified  in 
groups  of  three.  The  reason  for  this  is  that  each  group  of  three  in  any  row  is 
controlled  by  a single  external  butterfly  valve  as  far  as  the  jet  velocity  is 
concerned.  That  is,  the  velocity  of  each  of  these  jets  cannot  be  individually 
controlled  and  all  three  in  any  group  must  be  altered  togethe  . This  was  done  to 
reduce  the  number  of  valves  and  valve  control  devices  from  96  to  32  and  thus  mini- 
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mize  the  system  cost 


Blower  Requirements 

1 

Computations  indicated  that  a total  static  pressure  rise  of  about 
20"  H^O  must  be  supplied  by  the  blower.  This  figure  and  a volume  flow 
requirement  of  15,240  cfm  were  used  to  select  a Canadian  Blower  and  Force 
Model  55  MW  industrial  exhauster  with  a 75  HP  General  Electric  motor. 

No  speed  control  was  required  for  this  blower  since  a reduction  in  its 
delivery  will  be  required  only  infrequently  and  can  be  achieved  by 
throttling  its  inlet. 

Tunnel  Return  Section 

We  see  in  Fig. 33  that  the  modified  wind  tunnel  is  still  a closed 
circuit  tunnel,  in  the  return  section  of  which  an  axial  fan  and  drive  motor 
(60  HP)  are  located.  There  are  two  basic  consequences  of  this  feature  of  the 
, facility.  First,  we  must  provide  exhaust  ports  somewhere  in  the  circuit  so  that 

the  primary  air  supplied  by  the  jet  supply  blower  is  allowed  to  leave  the  tunnel. 

* Three  doors  have  been  provided  for  this  purpose  in  the  region  downstream  of  the 

test  section,  as  shown  in  Fig.  33-  The  area  of  each  of  these  doors  is  about 
4-1/2  ft  so  that  the  velocity  of  the  exhausting  air  is  less  than  20  fps  at 
maximum  operating  conditions.  The  second  consequence  involves  the  axial  fan  it- 
self. It  will  of  course  'windmill'  if  left  off  during  operation  of  the  tunnel  in 
the  ejector-driven  mode.  In  this  case,  it  can  be  represented  in  the  tunnel  per- 
formance equations  by  a small  pressure  loss  term  to  predict  its  effect.  If, 
however,  it  is  turned  on  during  a run,  the  sign  of  this  term  can  be  reversed  and  the 
fan  can  supply  a pressure  boost  to  the  ejector  system.  This  permits  a higher  test 
section  velocity  to  be  achieved  for  a fixed  jet  velocity  or,  conversely,  it 
reduces  the  jet  velocity  required  for  a desired  test  section  velocity  (i.e., 
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U /u . would  be  increased) . Since  the  degree  and  nature  of  the  improvement  to  the 
o *} 

ejector  system  that  might  be  obtained  from  this  fan  was  not  exactly  known,  it  was 
decided  to  ignore  its  possible  benefits  in  determining  the  tunnel  blower  require- 
ments and  assume  only  that  it  could  reduce  its  own  contribution  to  friction 
losses  to  zero. 

One  additional  feature  of  the  presence  of  the  axial  fan  in  the 
tunnel  return  section  is  the  capability  for  operation  of  the  tunnel  in  a reduced- 
turbulence  mode.  That  is,  with  the  jet  supply  b 1 ower  off,  operation  of  the  axial 
fan  permits  flows  of  up  to  100  fps  with  2-3 % turbulence  intensity  to  be  obtained 
in  the  tunnel  test  section. 

Tunnel  Test  Section 

The  new  tunnel  ’growth'  and  test  sections  are  shown  in  some  detail 
in  Fig.  39-  The  growth  section  consists  of  the  region  between  the  jet  exit  plane 
and  the  test  section  entrance  and  contains  any  barriers  used  in  producing  turbu- 
lence as  well  as  roughness  on  the  floor.  The  test  section  itself  is  about  12  ft 
in  length  and  has  an  access  door  in  the  side  wall  as  well  as  a roof  which  may  be 
opened  along  the  last  8 ft  of  its  length.  In  addition,  the  entire  test  section 
roof  is  hinged  at  the  test  section  entrance  so  as  to  permit  some  control  of  the 
static  pressure  gradients  in  the  test  section.  The  degree  of  control  was  chosen 
so  as  to  allow  removal  of  the  gradients  resulting  from  boundary  layer  growth 


on  all  walls  through  the  test  section. 


Valves  and  Servo-Control  System 
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valves.  These  valves  (Figs.  3^  and  37)  consist  of  a rotating  flat  plate  located 
in  a short  length  of  4"  diameter  pipe.  An  8:1  gear  reduction  is  used  to  increase 
position  sensitivity  and  to  reduce  torques.  Sixteen  valves  are  located  on  each 
side  of  the  jet  grid  section  of  the  tunnel. 

In  order  to  obtain  a particular  velocity  profile  in  the  tunnel 
test  section,  an  iterative  procedure  is  used  in  the  new  tunnel  just  as  it  was 
in  the  prototype.  That  is,  a probe  is  placed  at  some  location  in  the  desired 
plane  of  the  test  section  and  the  flow  leaving  the  appropriate  jets  in  the  grid 
is  adjusted  until  the  desired  velocity  is  achieved  at  the  probe  location.  This 
procedure  is  repeated  iteratively  until  the  desired  flow  is  obtained  throughout 
the  plane.  To  simplify  this  procedure,  it  was  decided  to  mechanize  the  valve 
adjustment  system  by  using  a servo-motor- and- feedback  system  for  each  valve. 

The  complete  system  of  32  channels  allows  setting  of  the  position  of  any  valve 
from  a central  control  panel  by  the  siiiple  adjustment  of  a command  potentiometer. 
Valve  position  is  indicated  by  a potentiometer  connected  to  the  valve  itself 
and  its  output  is  fed  back  to  the  control  circuit  ('manual'  mode).  The  complete 
control  circuit  for  one  channel  (i.e.,  one  valve)  is  shown  in  Fig.  ho  and  includes 
automatic  stops  and  warning  lights  at  the  two  extreme  valve  positions  (open  and 
closed) . 

Instrumentation 

The  running  temperature  of  each  fan  motor  and  the  tunnel  test 
section  can  be  monitored  by  the  operator  at  the  tunnel  control  panel.  This  is 
achieved  through  the  use  of  thermistors  which  can  be  linked  through  a switch 
to  a simple  bridge  measurement  circuit  on  the  panel. 

A system  for  traversing  the  tunnel  has  been  constructed  utilizing 
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a standard  lead  screw  drive.  It  is  shown  in  Fig.  4l . The  probe  holder  may 
be  driven  both  horizontally  and  vertically.  The  apparatus  has  been  made  easily 
removable  and  may  be  moved  to  different  measurement  planes  manually  with  a 
minimum  of  effort. 

In  order  to  position  the  probe  accurately,  electronic  switches, 
consisting  of  a photodiode,  a light  source,  and  a blade  to  interrupt  the  light, 
have  been  placed  on  the  lead  screws.  Pulses  from  these  switches  are  counted  by  two 
electronic  counters.  This  allows  positioning  to  within  one  revolution  of  the  lead 
screw.  This,  combined  with  the  probe  holder  play,  allows  setting  accuracy  of 
approximately  0.1  in.  With  proper  gating,  the  counters  may  also  be  used  in 
conjunction  with  a pulse  generator  as  a frequency  counter.  Inputs  must  be  in  the 
form  of  pulses. 

A schematic  of  the  data  acquisition  system  is  shown  in  Fig.  42a  and 
photographs  in  Fig.  42b.  It  consists  of  four  channels  of  DISA  55D01  anemometers 
accompanied  by  four  DISA  55D10  linearizers.  These  instruments  provide  flow 
measurement  capabilities  of  approximately  3-300  fps  with  a flat  frequency  response 
up  to  100  KHz.  Outputs  from  these  units  are  conditioned  by  a PACE  TR48  analog 
computer.  This  is  a solid  state  10  volt  machine  with  40  amplifiers,  10  integrators, 
and  2 multipliers  presently  available. 

« 

Signal  filtering  can  be  provided  both  by  the  TR48  and  a Multimetrix 
Model  AI'420  active  filter.  The  latter  is  a two-channel  system  which  provides  2 
channels  of  high  or  low  pass  filter  or  a single  channel  band  pass  filter.  It 
features  digital  cutoff  frequency  selection  and  a 24  db/octave  roll-off. 

Cross-  and  auto- correlation  may  be  obtained  with  the  PAR  model 

100  correlator.  This  instrument  provides  100  analogue  estimates  of  correlation 

with  values  of  t (time  delay)  ranging  from  t / 100  to  t where  t is  the  maximum 

' ' max'  max  max 

value  which  may  be  selected  in  the  range  1 - .0001  sec. 
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Each  estimate  of  the  correlation  is  an  average  of  the  correlation 

over  the  At  = t /lOO  interval.  In  addition,  correlations  can  also  be  obtained 
max' 

using  ail  HP  2100A  digital  computer. 

RMS  voltages  are  measured  on  the  Bruel  and  Kjaer  model  24l7  random 
noise  meter  with  a 30  sec.  time  constant  setting. 

Data  can  be  fed  via  the  Hewlett  Packard  Model  561OA  A/D  converter 
into  the  HP  2100A  digital  computer.  The  A/D  converter  is  capable  of  100,000  samples 
per  sec.  The  computer  has  24k  core  storage,  supplemented  by  a magnetic  tape  system. 
The  computer  cycling  time  is  980  nsec.  Algol,  Basic,  Fortran,  and  Assembler  are 
the  languages  used  on  this  system.  Other  equipment  in  this  system  includes  a 
digital  plotter,  high  speed  paper  tape  reader,  teletype  and  tape  punch,  D/A 
converter,  and  Fast  Fourier  Transform  hardware. 

The  use  of  this  system  for  the  spectral  analysis  performed  during 
the  present  calibration  has  reduced  our  data  acquisition  and  confutation  times  by 
a factor  of  two  over  the  system  described  in  Sec.  5. 1.3. 

5.2.3  44”  x 66"  Tunnel  Calibration 

In  general  the  approach  used  in  this  calibration  of  the  44"  x 66"  tunnel 
has  been  based  on  a comparison  of  typical  flow  properties  with  those  found  in 
the  8"  x 8"  tunnel,  along  with  some  direct  comparisons  with  atmospheric  data 
where  possible.  The  8"  x 8"  tunnel  calibration  used  as  a basis  is  outlined 
in  Ref.  11  in  considerable  detail.  Given  the  current  general  lack  of  full 
scale  data  for  comparison  and  the  limited  faithfulness  of  the  simulation 
provided  by  wind  tunnels  (e.g.,  lack  of  thermal  effects,  wind  direction  changes 
with  height,  etc.)  it  was  felt  that  this  approach  was  justified.  Within  these 
limitations  it  was  found  that  an  acceptable  planetary  boundary  layer  simulation 
could  be  achieved  in  a useful  test  section  of  3 ft  height,  3 ft  width,  and  12  ft 
length . 
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Planetary  Boundary  Layer  Characteristics 

The  purpose  of  the  new  boundary  layer  tunnel  is  to  simulate  the 
earth’s  planetary  boundary  layer.  The  simulation  is  based  on  the  following 
information  taken  from  Ref.  10. 

(a)  Velocity  Profile 

The  height  of  the  boundary  layer  as  well  as  its  velocity  profile 
varies  with  the  roughness  of  the  terrain  over  which  it  travels.  This  velocity 
profile  is  approximately  a power  law  profile  governed  by  the  relation  (see  Sec.  3.4) 


m. 
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(b)  Atmospheric  Turbulence 

The  power  spectral  densities  of  the  turbulent  wind  velocities  of 
the  earth's  planetary  boundary  layer  have  been  found  to  be  well  represented 
by  the  von  Karman  model  for  isotropic,  homogeneous  turbulence  (Ref .10).  This 
model  is  contained  in  Appendix  A and  illustrated  in  Fig.  55.  This  allows  the 
use  of  the  spectral  peak  method  in  calculating  turbulence  scale  lengths.  The  two 
integral  scale  length  relations  which  were  used  as  atmospheric  models  for  comparison 
with  the  scale  lengths  found  in  the  tunnel  are  (Ref.  10) 


~ 20  \/z 


and 
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(5.6) 
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These  are  plotted  in  Fig.  64. 

Test  lection  Velocity  Profile  (Clean  Tunnel  Configuration) 

The  tunnel  layout  is  illustrated  in  Fig.  43.  All  measurements  were 
made  at  the  \jpstream  and  downstream  ends  of  the  test  section.  These  are 
at  s = 5.5H  and  S = 8.5H,  respectively. 
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A velocity  profile  at  the  s = 5«5H  plane  is  shown  in  Fig.  44. 

The  profile  has  been  nondimensional ized  by  the  maximum  profile  velocity  (0  = 

max 

100  fps)  and  the  tunnel  width  (W)  and  tunnel  height  (H) . This  is  the  profile 
when  the  clean  tunnel  is  powered  by  the  upper  fan  only.  In  this  configuration  the 
barrier  strip  and  the  floor  roughness  are  absent.  A similar  profile  is 
obtained  when  the  jets  power  the  tunnel,  and  the  jet  exit  speeds  are  equal.  The 
wall  boundary  layers  are  fairly  small  in  this  configuration  as  would  be  expected. 

The  dished  shape  of  the  profile  is  caused  by  the  abrupt  contraction 
cone.  The  main  consideration  in  the  design  of  the  contraction  cone  was 
length.  Since  the  tunnel  was  designed  for  high  turbulence  and  fairly  low 

velocities,  it  was  thought  that  little  benefit  would  be  gained  from  a classic 

contraction  cone  design  with  its  excessive  length  requirements.  Consequently,  a 
fairly  simple  design  was  used.  The  abruptness  in  the  contraction  causes  higher 
local  velocities  in  the  outer  flow,  resulting  in  the  dish-shaped  profile.  For 
further  discussion  of  this  effect,  the  reader  is  referred  to  Ref.  18. 

This  profile  is  important  because  if  the  upper  fan  is  to  be  used 
with  the  jets,  then  the  superposition  of  this  flow  on  that  o f the  jets  must  be 
considered.  At  very  high  speed  settings  of  the  upper  fan,  this  could  limit 
the  degree  of  profile  adjustment  available  from  the  jets. 

Velocity  Range 

The  jet  drive  system  was  designed  for  a 55  fps  uniform  profile 
with  the  upper  fan  overcoming  only  its  own  losses.  It  was  found  that  this  55  fps 

velocity  could  be  attained  without  the  aid  of  the  upper  fan.  Utilizing  the  upper 

fan  plus  the  jet  drive  system,  a maximum  velocity  of  120  fps  can  be  reached.  With 
the  tunnel  powered  by  the  upper  fan  only,  a velocity  of  100  fps  is  attained.  In 
this  configuration,  however,  the  profile  has  the  dished  shape,  mentioned  earlier, 
which  would  allow  use  of  only  the  central  portion  of  the  test  section. 
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It  was  mentioned  that  the  tunnel  could  be  operated  in  a low 
turbulence  mode.  This  is  best  achieved  by  utilizing  the  jets  to  fill  out  the  profile 
produced  by  the  upper  fan.  It  was  found  that  in  this  configuration,  turbulence 
intensity  levels  (u/W)  were  in  the  range  from  .02  to  .03. 

In  the  clean  tunnel  configuration  the  wall  and  floor  boundary  layers  were 
limited  to  approximately  4 in. at  the  upstream  end  of  the  test  section.  This  in 
no  way  approaches  laminar  flow,  but  could  be  used  for  such  things  as  calibration  of 
cup  anemometers  or  pitot-static  tubes  used  for  industrial  purposes.  It  could 
also  be  used  for  studies  of  wind  loading  on  structures  where  aeroelastic  effects 


are  not  being  studied. 

Temperature 

A time  history  of  the  tunnel  temperature  is  shown  in  Fig.  1+5  . From 
this  it  can  be  concluded  that  a half  hour  warm-up  time  eliminates  much  of 
the  temperature  drift.  The  tunnel,  being  a modified  closed  circuit  type,  runs 
well  above  the  ambient  temperature.  However,  with  the  jets  turned  on  there  is  an 
air  exchange  of  approximately  15,000  cfm.  This  makes  the  tunnel  more  sensitive  to 
ambient  temperature  than  a closed  return  tunnel,  but  also  limits  the  operating 
temperature  to  approximately  25°F  above  ambient.  For  this  reason,  the  tunnel 
never  reaches  a temperature  where  it  must  be  shut  down  to  cool.  This  provides  a 
virtually  unlimited  operation  cycle. 

Turbulence  Producing  Devices 
(a)  Floor  Roughness 

Roughness  on  the  floor  is  provided  by  a vinyl  carpet.  It  is  very 
durable  and  clean.  Dust  particles  that  accumulate  in  the  mat  are  easily  picked 
up  with  a vacuum  cleaner.  The  bristles  protrude  about  one-half  inch  into  the 
airstream  and  are  formed  in  clumps  in  a regular  array.  Figure  46  shows  this 
material. 

With  the  carpet  in  place,  turbulence  intens ity  measurements  were  again 
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taken.  (The  upper  fan  alone  was  used  in  this  test,  the  barrier  was  absent.)  It  was 
found  that  the  turbulence  intensity  increased  only  slightly  and  only  in  the 
bottom  6 in.  of  the  tunnel.  The  floor  boundary  layer  with  uniform  flow  increased 
somewhat,  but  wall  boundary  layers  were  negligibly  affected. 

(b)  Barrier 

Based  on  the  results  from  the  prototype  tunnel  (Ref .11),  a 5-in  barrier 
was  placed  at  a point  1-1/2  tunnel  heights  downstream  of  the  jets  (see  Fig.  *+3) . 

The  results  achieved  are  discussed  in  the  next  sub- section. 

Profile  Setting  (Roughness  and  Barrier  Present) 

At  present,  the  only  profile  to  be  set,  other  than  the  uniform 

profile  is  the  power  law  profile  discussed  in  Sec.  3.t  with  n = 0.16.  This  was 
done  using  the  grid  of  measurement  positions  at  S = 5-5H  shown  in  Fig.  47. 

As  mentioned  earlier,  the  jet  grid  is  controlled  in  sets 
of  three  jet  horizontally.  This  allows  three  jets  to  be  set  by  one  valve. 

In  order  to  set  the  profile,  lateral  spacing  corresponding  to  the  (b) 
measurement  position  for  each  set  of  three  jets  (see  Fig.  1*7)  was  used. 

After  setting  the  profile,  velocity  measurements  were  taken  at  each 

of  the  entire  set  of  measurement  positions.  Some  results  of  this  profile 
measurement  are  shown  in  Fig.  48.  The  non- uniformity  of  the  lateral  profile  is 

caused  by  two  things.  The  first  factor  is  the  dished  profile  discussed  earlier. 

This  causes  the  centre  of  the  tunnel  to  be  slow.  The  second  reason  for  the 
non- uniformity  is  the  presence  of  the  wall  boundary  layers.  It  was  found  that 
these  boundary  layers  were  increased  considerably  when  the  barrier  was  installed. 

At  the  beginning  of  the  test  section  their  thickness  was  about  l4  in. 

With  the  roughness  and  barrier  in  place,  the  wall  boundary  layers 
have  grown  to  include  the  first  column  of  measurement  points  (see  Fig. 49  ). 

This  causes  the  velocity  measurements  at  those  (b)  points  to  be  lower  than  the  free 
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stream  velocity  by  about  10$.  This,  combined  with  the  velocity  defect  at  the 
tunnel's  centre  produces  a 10$  variation  in  the  lateral  velocity  profile.  This 
variation  cannot  be  removed  with  the  trimming  valves  which  were  designed  strictly 
to  equalize  jet  exit  velocities.  They  cannot  overcome  large  influences  such  as 
wall  boundary  layers. 

In  order  to  achieve  better  uniformity,  the  lc  and  4a  positions 
(see  Fig. 47  ^ are  used  for  measurements  at  the  walls.  This  allows  the  boundary 
conditions  of  the  flow  to  be  set  to  a known  value.  The  flow  velocities  between 
these  measurement  positions  and  the  near  walls  are  of  no  interest.  This  change 
in  measurement  position  allows  the  setting  of  a lateral  profile  varying  less  than 
± 3$  between  columns  lc  and  4a  as  shown  in  Fig.  50. 

Since  each  valve  controls  a horizontal  group  of  3 jets,  and 
only  one  measurement  position  is  used  for  each  valve,  the  measurement  positions 

are  further  apart  in  the  horizontal  than  in  the  vertical  direction.  This  causes 
the  setting  of  one  valve  to  affect  the  flow  controlled  by  the  valves  immediately 
above  and  below  it  more  than  those  to  either  side.  The  influence  region  of  each 
jet  is  shown  roughly  in  Fig.  51.  Since  the  velocity  at  each  measurement  point  is  greatly 
affected  by  the  valves  controlling  the  velocity  at  points  immediately  above  and 
below  it,  a simple  iterative  technique  in  setting  the  profile  requires  a large 
number  of  iterations.  The  procedure  used  is  as  follows. 

The  flow  velocity  is  measured  for  an  entire  column  of  meas'irement 
positions.  Using  these,  the  profile  is  set  at  that  column  by  considering 
the  interaction  of  the  jets  and  adjusting  each  accordingly.  When  this  process 
has  been  completed,  the  remaining  columns  are  set  in  the  same  manner.  The  entire 
setting  procedure  is  repeated  three  times  on  the  average,  ’’sing  the  motorized 
traversing  gear  described  earlier,  about  1-1/2  days  are  needed  to  set  a new 
velocity  profile. 

The  two  lower  rows  of  jets  cannot  be  used  to  control  the  velocity 
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profile  near  the  tunnel  floor  due  to  the  harrier  (see  Fig.  43).  This, 
however,  is  not  a serious  problem  since  the  natural  velocity  defect  near  the  floor 
causes  the  velocity  to  fall  off  in  accordance  with  the  power  law  profile  that  has 
been  set.  These  two  lower  rows  of  jets  are  set  at  near  maximum  settings.  This  tends  to 
increase  the  turbulence  in  the  tunnel  by  hitting  the  barrier  with  high  speed  air. 

The  velocity  profile  was  originally  set  with  V/'  = 55  fps.  It  was 

X * 

found,  however,  that  the  were  much  too  low.  In  order  to  rectify 
the  situation  an  8 in.  barrier  was  installed.  This  increased 

the  scales  somewhat,  but  caused  severe  distortion  of  the  power  spectral  density  plots. 
This  invalidated  any  scale  measurements  since  the  spectral  shape  varied  a great 
deal  from  the  von  Karman  model. 

The  original  5-in  barrier  was  then  replaced  andW  increased  by  also 

G 

turning  on  the  upper  fan.  This  increased  the  scale  lengths  without  distorting 
the  spectral  shape.  A study  of  the  variation  of  scale  length  with  velocity 
was  then  performed.  It  was  concluded  from  this  study  that  a gradient  velocity 
of  90  fps  was  needed.  For  this  reason  the  tunnel  profile  was  set  with  W.'  = 90 
fps.  Figure  52  shows  the  results  of  this  study.  In  scaling  the  prototype  tunnel, 
it  was  initially  felt  that  scale  length  would  be  proportional  to  barrier  height. 

The  scale  length  was  assumed  to  be  governed  by  the  size  of  the  detached  boundary 
layer  region  immediately  behind  the  barrier.  However  the  size  of  this  region 
with  respect  to  the  size  of  the  barrier  seems  to  vary  a great  deal  with  experiment 
(Ref.  19)-  This  would  lead  one  to  suspect  that  local  conditions  at  the  edge  of 
the  barrier,  and  upstream,  must  have  a large  effect  on  the  size  of  the  detached 
region.  This  perhaps  explains  why  the  scale  did  not  increase  exactly  linearly 
with  barrier  height. 

The  turbulence  intensity  profiles  that  resulted  from  the  5-in  barrier  and 
Wf!  = 90  fps  are  plotted  in  Fig.  53.  These  data  were  obtained  along  a 15  ° glide 
slope  down  the  tunnel  centre  line  and  thus  span  most  of  the  test  section.  As 
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in  the  case  of  the  8"  x 8"  tunnel  (see  Fig.  20),  these  plots  appear  to  be  in 
reasonable  general  agreement  with  corresponding  atmospheric  data. 

Since  the  tunnel  exchanges  air  with  the  atmosphere  at  a rate 
of  15000  cfm,  the  gradient  velocity  tends  to  vary  slightly  with  atmospheric 
conditions.  This  is  caused  by  changes  in  loading  of  the  blower  motor  due  to' 
changes  in  air  density,  as  well  as  changes  in  loading  due  to  tenperature  changes 
in  the  belt  drive  system.  These  variations  cause  the  gradient  velocity  to 
fluctuate  from  day  to  day  with  the  maximum  fluctuation  being  approximately  ± 5$. 
This,  however,  does  not  affect  the  nondimensionalized  profile  which  stays  within 
% of  the  desired  profile  (see  Fig.  5^  for  typical  vertical  profiles). 

Measurement  of  Reynolds  stress  in  the  simulated  flow  has  been  carried 

— — .A  A 

out  at  a few  locations  along  the  tunnel  centre  line.  Values  of  uw/uw  are  similar 
to  those  found  in  the  8"  x 8"  tunnel  (see  Fig.  22).  Some  difficulty  was 
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encountered  when  measuring  uv/uv  due  to  the  small  values  generated.  The  data 
tended  to  be  scattered  about  a value  of  uv/uv  = 0.1.  Thus  it  was  concluded 


that  these  results  were  acceptable. 

Spectral  Data 

Appendix  B describes  the  techniques  of  powa-  spectral  density  analysis 

used  for  this  calibration.  Figures  55  to  58  show  plots  of  jL't  (k  ) vs  k z 

tc*  uu 

at  different  points  in  the  test  section.  The  von  Karman  spectrum  is  also 
shown  for  comparison.  From  these  plots  it  may  be  seen  that  the  measurement  of 
scale  lengths  using  the  spectral  peak  method,  described  in  Appendix  A,  is 
reasonable.  A typical  plot  of  J>  (f)  vs  f'  is  shown  in  Fig.  59- 

Figures  60  to  62  show  some_k.$  (k)  plots.  Here  it  was  found  that 
above  jet  row  D in  the  tunnel  (i.e.,  the.TZf,  point  of  the  boiindary  layer)  the 
spectra  were  sufficiently  different  from  the  von  Karman  that  they  could  not 
be  used  to  get  a precise  estimate  of  1^  (see  Fig.60).  Figure  63  gives  a typical  ^ww(f 
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plot. 

Figure  64  shows  the  results  of  scale  measurement  at  various  points 
in  the  test  section  using  the  spectral  peak  method  and  compares  these 

with  the  values  calculated  from  (5.5)  and-  (5.6). 

One  of  the  deficiencies  found  in  the  small  8”  x 8"  tunnel  is 
illustrated  in  Fig.  21.  At  high  values  of  kz  it  is  seen  that  the  power  spectrum 
0 drops  off  at  a faster  rate  than  that  found  in  the  atmosphere.  This  is 
thought  to  be  due  to  viscous  dissipation  which  is  the  phenomenon  whereby  turbulent 
energy  is  lost  from  the  flow.  This  occurs  in  turbulent  eddies  of  small  physical 
dimensions.  Since  the  same  fluid  is  used  in  the  tunnel  as  exists  in  the  full 
scale  atmosnhere  it  would  be  expected  that  this  effect  would  be  noticed  at  a 
smaller  value  of  kz  in  the  tunnel.  When  similar  measurements  were  made  in  the 
large  44"  x 66"  tunnel  (see  Fig.  55,  for  example)  this  effect  was  generally  found 
to  be  absent  within  our  measurement  range.  Thus  it  is  concluded  that  the  viscous 

dissipation  region  has  been  shifted  to  a sufficiently  high  frequency  to  allow 
us  to  neglect  its  effect. 

A similar  drop  in  the  power  spectral  density  below  the  von  Karnan 
model  is  also  observed  at  low  frequencies  (see  Figs.  21  and  55).  This  is  thought 
to  be  due  to  the  finite  dimensions  of  the  wind  tunnel  test  section  suppressing 
the  generation  of  large  wavelength  phenomena.  Even  in  the  actual  atmosphere  this 
region  of  the  power  spectrum  is  not  well  defined  and  thus  this  effect  is  not 
felt  to  be  a limiting  factor  in  the  present  simulation. 

Flow  Properties  Along  the  Test  Section 

Due  to  the  nature  of  the  flow  in  a wind  tunnel,  the  wall  boundary 
layers  continue  to  grow  and  turbulence  energy  is  dissipated  along  the  length 
the  test  section.  This  leads  to  some  modification  of  the  flow  properties, 
ow  in  Fig.  54  the  velocity  profile  remains  unchanged.  Figures  55  to  58 
t • indicate  that  the  changes  in  the  shape  of  the  power  spectral 
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density  curves  are  minor  with  some  distortion  occurring  at  the  top  of  the 
boundary  layer.  This  is  reflected  in  the  integral  scale  profiles  of  Fig.  64 

X 

i where  it  is  seen  that  a small  increase  in  occurs  in  going  downstream  in 

the  test  section  while  no  change  in  Lw  is  apparent.  It  is  felt  that  the 
observed  trends  are  sufficiently  small  that  they  should  not  interfere  with 
the  generation  of  representative  cross-correlation  data  in  the  tunnel. 
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Section  VI 

EXPERIMENTAL  RESULTS  - FIXED  PROBE  APPROACH 
6.1  Distribution  of  Probe  Locations 

Due  to  the  time  consuming  nature  of  the  fixed  probe  measurement 
technique  it  is  important  to  minimize  the  number  of  locations  at  which  correlations 
are  computed.  Because  our  cross-wire  probes  can  only  measure  either  u and  v 
or  u and  w simultaneously  at  a single  point,  four  separate  runs  are  required  to 
obtain  the  entire (&  matrix  associated  with  a given  pair  of  points . The 
orientation  of  the  probes  must  be  changed  between  these  runs  in  order  to  measure 
the  necessary  velocity  components.  The  required  combinations  are  given  in 
Table  6 . 

When  the  double  integral  leading  to  the  system  response  matrix  is 
examined  (3-1^) 

< y(t)yTvt)  > =JJ  HCt.tjJ  ^(t1,t2)Hr(t,t2)dtidt2 
o o 

it  is  seen  that  the  greatest  contributions  come  from  regions  in  the  (t^,t2)  plane 
where  _H(  t , t-  ) and  (^(t^,^)  are  large.  These  regions  are  shown  schematically 
in  Fig.65  by  cross  hatching.  In  general,  (R_(t^,t2)  will  be  greatest  for 
t^  “ t2,  ^(tjt^)  for  t^  ~ t,  and  _H(t,t2)  for  t2  *»  t.  Thus  the  area  of 
greatest  interest  may  be  the  upper  right  hand  corner  of  Fig. 6$a  where  w tg  ~ t. 
Since  t^  = tg  corresponds  to  z^  = and  we  are  interested  in  conditions  at  the  end 
of  the  landing  approach  descent  where  t corresponds  to  z (see  Fig.  1)  then  the 

D 

desired  probe  locations  in  the  (z^,  Zg)  P^-ane  are  as  shown  in  Fig.  65b. 

These  facts  should  be  reflected  in  the  choice  of  probe  locations,  with  more 
attention  placed  on  measurements  towards  the  bottom  of  the  approach  path  and  on 
measurements  with  small  probe  separations.  The  actual  sets  of  probe  locations 
employed  in  the  present  work  are  indicated  in  Figs .66  and  67.  Note  that  the 
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symmetry  implied,  by  (3.12)  results  in  the  values  measured  for 

for  tg  > t^  also  being  used  for  ^vu(t2’tl^  for  fc2  > tl’  etc' 

6.2  Measurements  in  the  8"  x 8"  Tunnel 

A preliminary  set  of  correlation  measurements  were  made  in  the  8"  x 8" 

tunnel  before  the  44"  x 66"  tunnel  was  completed.  (R  , (R  , and  (R  were 
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determined  for  a range  of  experimental  conditions.  These  data  are  presented 

ffl  A 

in  nondimensional  form  as  <R  where  typically  (j?  = — - and  u is  measured 
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at  the  probe  location  corresponding  to  u and  v at  the  location  corresponding 
to  v.  The  distribution  of  probe  locations  is  shown  in  Figure  66.  Note 
that  the  u measurements  were  made  with  single  wire  probes  and  their  more 
compact  design  allowed  extra  measurements  to  be  made  at  small  probe 
separations  as  indicated.  The  = 15°  data  were  all  taken  below  z'  =4" 

■Ej 

due  to  test  section  length  limitations.  Due  to  various  reasons,  measurements 
were  not  always  taken  at  the  lowest  positions  for  the  lower  probe  nor  at 
the  lowest  position  for  the  upper  probe.  The  simple  probe  holder  employed 
is  shown  in  Figure  68.  This  system  was  based  on  l/4"  pipe  and  required 
that  each  probe's  location  be  established  by  two  position  measurements  to 
place  it  on  the  required  glide  slope. 

5.2.1  Measurement  Technique  (8"  x 6")  Tunnel) 

Values  of  the  correlation  matrix  ^ ( t£ , t^)  for  various  values  of  t£  and 
tg  were  obtained  as  follows.  For  ^ uu(ti,t2^’  for  exaJI$)le>  a single  wire  probe 
was  placed  at  some  fixed  point  Pq  on  the  glide  path  corresponding  to  height 
Zp  from  the  floor  of  the  tunnel.  Another  probe  was  placed  at  a point  Qq 
below  it  on  the  glide  path,  at  height  z’ . The  fluctuating  velocity  signals 

’'C 

from  these  probes  were  then  cross-correlated  using  the  PAR  correlation  system 
(see  Sec.  5.2.2),  yielding  the  correlation  between  the  signals  for  100  values  of 
delay  time  t of  u(PQ)  with  respect  to  u(Qq),  0 < t < t _ (see,  for  example, 


. 
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Fig.  69).  Knowing  z'  and  z',  the  appropriate  t'  and  t'  for  tnis  pair  of 
points  Pq  and  Qq  for  any  particular  airspeed  V could  then  be  found  from  the  time 
tables  described  in  Sec.  3-3  with  the  necessary  scale  factors  for  the  simulated 
flow  taken  into  account.  Consequently  the  time  difference  At'  = t),  - t^  could 
be  determined  and  by  selecting  the  value  of  the  cross-correlation  at  7 ~ At', 
uu(t^,tg)  was  obtained.  For  the  same  pair  of  points  Pq  and  Qq  but  different 
airspeed,  the  time  tables  yield  different  values  of  t^,  t^  and  At'  such  that  the 
value  of  uu( t^ jtg)  was  obtained  from  the  same  cross -correlation  curve  but  at  a 
different  value  of  t.  By  moving  only  the  lower  probe  to  a different  value  of  z* 
and  obtaining  a new  cross-correlation,  5uuu(t|>t2)  coul<l  be  found  for  the  same 
but  differing  tg.  Obviously  then,  by  selecting  appropriate  values  of  PQ  and 
Qq  along  the  glide  path,  ^(t^jtg)  cou^-<i  determined  for  the  entire  range 
of  interest  of  t|  and  tg. 

The  rms  values  of  the  turbulent  conponents  used  to  normalize  (J^  were 
obtained  from  the  Bruel  and  Kjaer  random  noise  voltmeters. 

Based  on  the  above  procedure  for  finding  the  values  of  <£^(t^,tg),  it  is 
estimated  that  the  maximum  experimental  error  in  each  point  should  be  no  greater 
than  about  12-lk%.  The  statistical  variability  of  any  value  depends  on  its 
magnitude  and  on  the  shape  of  the  signal  spectrum  but  should  in  general  be 

considerably  less  than  the  above  figure . (See  also  Section  6.3.1). 

6.2.2  Some  Features  of  Two-Point  Cross-Correlation  Data 

In  Fig.  69  we  see  a typical  two-point  time-delay  cross-correlation 

curve  for  the  longitudinal  velocity  conponent  for  y = 90°.  It  is  clearly 

b 

seen  here  that  the  maximum  correlation  between  the  two  points  occurs  at  a 
value  of  time  delay  other  than  zero,  which  is  there  it  would  occur  if  the  flow 
were  homogeneous.  Rather,  the  peak  is  found  at  a positive  lag  time  t^,  which 
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i epresents  a delay  of  the  signal  from  Pq  with  respect  to  that  from  Qq  (see  Fig.  70  ) . 
If  we  assume  frozen  flow  then  we  may  translate  this  time  lag  into  the  spatial 
separation 


Ax'  = W ' ( z ' ) • t 
m v Q'  m 


(6.1) 


Thus  the  line  PQ  Qm  in  the  sketch  may  be  considered  the  line  of  maximum 
correlation  at  this  location  in  the  flow,  and  its  slope  is  given  by  Az'  and 
Ax^.  In  a homogeneous  flow,  this  line  would  be  normal  to  the  floor  of  the 
tunnel  but  in  a boundary  layer  flow  it  has  a slope  which  may  be  a function  of  z'. 
If  we  consider  values  of  y„  less  than  90°,  we  ultimately  will  reach 

ill 

a situation  in  which  the  line  Qq  (see  Fig.70 ) will  have  a slope  smaller  than 

that  of  the  line  of  maximum  correlation,  P Q . In  this  case,  we  would  expect 

o m 

the  peak  of  the  time-delay  cross-correlation  curve  to  appear  at  a negative  value 


of  t . This  of  course  corresponds  to  a delay  of  the  signal  at  Qq  with  respect 
to  that  at  P^  rather  than  vice-versa.  This  is  in  fact  the  case,  as  indicated  by 
the  results  shown  in  Fig.  71  for  the  case  of  = 45°.  In  the  present  experi- 
ment, we  are  interested  only  in  delays  of  the  signal  from  Pq  with  respect  to  that 

from  Q (i.e.,  t > 0)  and  thus  in  most  cases  other  than  y„  = 90°  we  do  not 

o — 

observe  a peak  at  all  in  our  range  of  interest.  For  more  results  and  discussion 
of  optimum  time-delays  for  maximum  two-point  correlations  in  a boundary  layer  flow, 
the  reader  is  referred  to  Ref.  ]_p. 


The  curves  of  Figs.  69  and  71  are  typical  of  all  the  raw  correlation 
data  obtained  for  the  three  velocity  components  and  the  three  values  of  y„  used  in 

hi 

this  experiment.  Curves  of  this  type  have  been  used  to  obtain  the  final  flight 
path  correlation  data,  k_(t^,t^),  as  discussed  below. 

6.2.3  Flight  Path  Cross-Correlation  Results  (8"  x 8"  Tunnel) 

As  described  above  the  experimental  work  in  the  8"  x 8"  wind  tunnel 
facility  involved  a large  number  of  two-point  space- time  turbulent  velocity 
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component  correlations  (approximately  1000)  within  the  simulated  planetary  boundary 

layer.  Spatial  separations  of  the  probes  were  determined  by  the  desired  glide 

path  geometry  with  fixed  aircraft  descent  angles  of  7 = 15°,  45°,  and  90°  being 

ill 

selected  for  the  present  study.  Cross-correlations  covering  a range  of  time 
delays  (positive  time  delays  of  upper  measurement  with  respect  to  the  lower 
measurement)  were  obtained  with  the  correct  time  delay  for  each  point  pair  being 
selected  later  to  develop  the  final  flight  path  correlations,  &(  t^,t£).  Of  the 
basic  correlation  information,  two  typical  plots  only  (for  r ) are  shown, 

Fig.  69  and  Fig.  71,  in  nondimen sional  form. 

The  derived  flight  path  correlations,  obtained  with  a mean  wind  variation 
corresponding  to  a power  law  index  of  0.l6,  are  plotted  beginning  at  Fig.  73 
and  continuing  through  to  Fig.  102.  The  following  cases  have  been  covered  for 
this  mean  wind  speed  variation: 

(i)  uu,  ^ and  JJ)  ^ turbulent  cross-correlations. 

(ii)  Flight  path  approach  angles,  7 = 15°,  45°,  90°. 

(iii)  Aircraft  velocity  ratios,  V/WG  = 1.0,  1.2,  1.5,  1.9  (except  for  the 
case  7_  =90°for  which  only  V/W_  =1.0  and  1.2  were  used  due  to  excessive 
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rates  of  vertical  descent  for  the  aircraft  at  the  higher  speed  ratios.) 

(iv)  WG  = 68  fps,  = 34  fps,  ZG  = 1000  ft,  Z'G  = 7 in. 

In  addition,  initial  measurements,  with  a mean  wind  speed  variation  corresponding 
to  a power  law  index  of  0.35,  are  also  included,  in  Figs.  103  through  106.  For 
this  wind  profile  the  following  data  have  been  obtained: 

A turbulent  cross-correlations 
(1)  \ uu 

(ii)  Flight  path  approach  angle  7E  = 45° 

(iii)  Aircraft  velocity  ratios  V/Wg  = 1.0,  1.2,  1.5,  1.9 

(iv)  WQ  = 68  fps,  = 34  fps,  Zfi  = 1600  ft,  = 7 in. 
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In  all  cases  the  derived  flight  correlations  correspond  to  simulated 


aircraft  landing  approaches  flown  at  constant  air  speed  along  straight-in  approach 
paths.  These  particular  flight  constraints  result  in  a continuously  increasing 
aircraft  ground  speed  as  the  target  plane  is  approached  (see  Fig.  5).  The 
turbulence  characteristics  of  the  shear  layer,  as  simulated  and  measured  in  this 
facility,  are  presented  in  Figs.  20  through  23. 

The  data  are  presented  as  a function  of  t^  and  (t^-t^) , i.e.,  in  terms 
of  time  as  measured  in  the  wind  tunnel  frame.  In  order  to  convert  these  values 
back  to  full  scale  time  they  must  be  multiplied  by  l/St  = 857. 

The  desired  flight  path  correlations,  £)  (t^,t2),  form,  in  general, 
a warped  surface  over  the  t ^ , 1 2 plane  with  the  final  aircraft  flight  dispersions 
being  obtained  by  a double  (area)  integration  in  this  plane  (see  (3.14)) 
over  the  range  0 < t^  < T;  0 < t^  < T.  In  a homogeneous  turbulent  field  (with 
a uniform  velocity  profile),  the  4)  (t^t^)  surface  cculd  be  described  in  terms 
of  a single  curve  if  plotted  as  {0  (t^-t^)  ^he  sin§le  independent  variable 

(tg-t^).  A rough  schematic  drawing  of  one  half  of  the  general  (t^jtg)  surface, 
which  is  to  be  described  by  the  present  shear  layer  measurements,  is  indicated 
in  Fig.  72.  Note  that  the  other  half  of  this  surface  is  found  to  be  the  mirror 
image  of  that  presented,  reflected  about  the  line  t^  = t^.  To  sinplify  the 
description  of  this  surface  and  to  show  the  inpartant  deviations  from 
flow  homogeneity,  as  experienced  by  the  descending  aircraft,  the  ^(t^t^) 
correlations  are  presented  as  a series  of  curves  utilizing  the  parameter 
t^,  with  independent  variable  (t),-t.p.The  parameter  t^  is  given  numerically 
by  the  time  in  seconds  taken  by  the  aircraft  to  descend  from  a fixed 
starting  point  (z1  = 6 in.)  to  the  upper  turbulence  measurement  point  zj  (in  the 

wind  tunnel  frame) . See  Table  7 • 
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Plotting  the  flight  path  correlation  results  in  terms  of  the  time 

delay  ti-t*  for  a given  approach  condition  (i.e.,  fixed  values  of  7 , V/Wg  and 
j d L h 

n)  collapses  the  data  to  a very  considerable  degree.  However,  for  a given  flight 
l condition,  important  inhomogeneity  effects  due  to  the  shear  layer  are  evident 

through  the  progressive  shifting  of  the  individual  curves  as  the  initial 
turbulence  measurement  position  is  altered  in  the  layer.  In  general,  with 
one  important  exception,  the  effect  of  the  shear  layer  has  been  to  produce 
an  increase  in  the  measured  turtmlence  correlations  for  a given  value  of  tg-t^ 

( time  delay)  in  the  lower  regions  of  the  boundary  layer  relative  to  the  same 
correlations  measured  in  the  upper  portions  of  the  layer.  Thus  the  flight  path 
correlations,  with  the  exception  of  the  u-u  correlations  at  7 = 90°,  tend  to 

iij 

fall  off  noticeably  more  quickly  in  the  upper  boundary  layer  regions.  In 
attenuating  to  interpret  this  trend  physically  it  must  be  eirphasized  that  equal 
‘ delay  increments  along  the  flight  path  do  not  correspond  to  equal  displacements 

in  the  boundary  layer,  since  the  absolute  aircraft  velocity  is  not  constant 
along  the  flight  path.  In  fact,  for  the  constant  air  speed  flight  cases  simulated 
, herein,  equal  time  delays  correspond  to  smaller  displacements  along  the  flight 

path  in  the  upper  portions  of  the  boundary  layer  (where  the  measured  correlations 
are  relatively  smaller)  than  they  do  in  the  lower  portions  of  the  boundary  layer. 

This  would  imply  that  for  equal  spacial  separations  a somewhat  mare  pronounced  | 

change  in  correlation  magnitudes  would  be  experienced  in  traversing  the  shear  layer. 

jj 

In  the  special  case  of  the  (^11U  correlations  at  7^  = 90  , this  general 
finding  was  reversed.  At  all  speed  ratios,  a significantly  higher  u-u  correlation 
is  obtained  in  the  outer  portion  of  the  boundary  layer,  relative  to  correlations  j 

at  the  same  time  delay  measured  closer  to  the  ground  plane. 

The  influence  of  flight  path  angle  7^  on  the  measured  correlations 
appears  to  be  modest.  At  equal  values  of  time  delay  and  aircraft  velocity  ratio 
and  at  similar  positions  within  the  boundary  layer,  all  correlations  appear  to  be  I 
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similar.  The  effect  of  flight  path  angle  may  be  seen  in  the  cross  plots  drawn 
in  Figs.  107  to  109. 

The  correlations  are  generally  larger  than  the  comparable  and 

/ft  data,  especially  at  the  shallower  flight  path  angles  of  7 = 15°  and  45°. 

At  7g  = 90°,  (^uu  and  (]^  are  quite  comparable  and  significantly  larger  than 

(Rww  ’ 

The  effect  of  aircraft  speed,  at  all  flight  angles  and  for  all  three 
velocity  correlations,  has  been  to  progressively  shrink  the  correlation  surface 
towards  the  t-^jtg  plane  as  the  simulated  aircraft  velocity  is  increased.  Because 
of  the  higher  flight  dynamic  pressures  involved,  this  reduction  in  correlation 
at  the  higher  aircraft  velocities  may  not  result  in  reduced  aircraft  response 
to  the  turbulence.  The  progressive  collapse  of  the  correlations  with  increasing 
aircraft  velocity  is  presently  interpreted  as  resulting  from  the  increased 
spacing  of  the  measurement  points  at  fixed  values  of  time  delay.  The  effect 
of  the  aircraft  velocity  is  summarized  in  the  cross  plots  presented  in  Figs. 

110  through  115. 

An  additional  feature  indicated  by  the  flight  path  correlations,  as 

plotted,  is  the  progressive  increase  in  inhomogeneity  of  the  measured  correlation 

data  across  the  boundary  layer  as  the  flight  path  angle  increases  to  = 90°. 

This  is  most  evident  for  the  v-v  and  w-w  correlations,  and  is  seen  by  the  larger 

displacements  of  the  correlation  curves  for  a given  change  in  t^  in  the  boundary 

layer  as  the  flight  path  angle  is  increased. 

The  effects  of  the  mean  velocity  power  law  in  the  shear  layer  at  one 

approach  path  angle  (y  = 45°),  and  for  the  u-u  correlations  only,  may  be  seen 

h 

by  comparing  data  in  Figs.  77  to  BO  for  n = 0.16  with  data  in  Figs.  103  to 
106  for  n = 0.35.  This  limited  comparison  indicates  that  a somewhat  increased 

/V 

$ correlation  is  achieved  with  n - 0.35  at  all  velocity  ratios.  This  increased 
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correlation  has  removed,  to  a large  extent,  the  areas  of  negative  correlation 
measured  at  large  time  delays  with  n = 0.16.  There  is  indication  from  the  data 
for  n = 0.35  that  higher  correlations  are  achieved  for  a given  time  delay 
at  the  outer  edges  of  the  boundary  layer  relative  to  the  same  correlation 
obtained  with  the  initial  measurement  point  located  closer  to  the  ground.  This 
trend  is  the  reverse  of  that  obtained  generally  for  n = 0.16,  except  for  the 
special  case  of  ^>uu  at  y^,  = 90°  where  the  same  reversed  trend  is  again  noted. 

A/ 

It  appears  probable  that  a similar  changeover  in  the  (Ruu  characteristics  is 
occurring  with  the  n « 0.35  power  law  data  as  with  the  n = 0.16  data  but  at  a 
lower  value  of  y^,.  More  detailed  measurements  are  obviously  required  to  confirm 
this  indication. 

6 .3  Measurements  in  the  ^4”  x 66"  Tunnel 

A conplete  set  of  flight  path  correlation  measurements  was  obtained 
in  the  kk"  x 66"  tunnel.  These  data  are  presented  in  nondimensional  form  as  <%. 

The  distribution  of  probe  locations  employed  is  shown  in  Figure  6j . 

A complete  set  of  (R,  data  was  taken  at  each  probe  pair  location  indicated 
except  for  some  cases  with  V/W^  = 1 where  time  delays  greater  than  the  0.l6 

sec.  limit  of  the  analysis  program  were  required.  In  these  cases  the  value 
of  R. . had  already  dropped  to  zero  and  thus  no  significant  data  were  lost. 

The  upper  location  limit  resulted  from  the  test  section  length  and  the  lower 
limit  from  probe  holder  size  effects.  In  this  instance  the  probes  were 
positioned  along  a rail  set  at  y = 15°  for  ease  of  adjustment.  The  system 

ill 

is  illustrated  in  Figure  ll6.  The  rail  is  isolated  from  the  tunnel  as  much 

as  possible  by  securing  it  to  the  cement  floor  of  the  laboratory  in  order  to 

avoid  vibrational  problems.  Figure  117  gives  a more  detailed  picture  of  the 

probe  holder  and  rail.  Tests  were  made  to  determine  whether  the  presence  of  the  j 

rail  influenced  the  flow  field  at  the  probe  sensing  stations.  Figures  ll8  and  ] 

119  show  correlation  and  power  spectral  density  measurements  made  with  the 

rail  present  and  absent  (with  the  probe  held  on  the  post  illustrated  in 
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Figure  120) . No  rail  effect  was  found.  Similar  measurements  were  made  for 
small  probe  separations  to  investigate  interference  effects  due  to  the  close 
proximity  of  the  probe  holders.  Again  no  detectable  effect  was  found. 

6.3.1  Measurement  Technique  (44"  x 66"  Tunnel) 

Values  of  the  correlation  matrix  ff((tp,  tp)  were  determined  using 

the  fixed  probe  technique  outlined  in  Section  6.2.1.  However  in  this  study 

the  HP2100A  miniconputer  was  used  to  compute  the  results.  In  general  four 

velocity  signals  were  available  from  the  two  cross-wire  probes  in  the  flow 

field.  The  software  was  designed  to  conpute  the  rms  values  of  each  of  these 

signals  and  the  cross  correlations  between  the  upper  probe  and  lower  probe 

signals  at  specified  values  of  time  delay  r.  For  example,  if  the  upper 

probe  is  measuring  u_  and  v while  the  lower  probe  is  measuring  u and  w 
r r Q,  Q 

then  the  program  produces  in,  v , u , w , « , (R  , <fi  and  £ . 

F P Q Q UpUQ  vpuQ  UpWQ  vpwQ 

The  values  of  jR  are  determined  at  3 values  of  t specified  by  the  operator. 
The  values  of  t are  selected  before  each  run  using  the  time  tables  described 
in  Section  3*3  in  order  to  produce  flight  path  correlations  for  3 selected 

f 

speed  ratios  V/W  . 

The  following  specifications  describe  the  correlation  program 
performance  as  set  up  in  the  present  study: 

Data  sampling  time  20  sec. 

Data  sampling  rate  2,500  sps/channel 

Program  running  time 

(after  data  is  loaded)  100  sec. 

Precision  in  setting  1 ± 10  ps. 

Allowable  t range  10  ps  - 0.l6  sec. 

Number  of  t's  selected  per  run  3 
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The  output  from  the  above  computation  is  stored  on  magnetic  tape 


and  printed  by  the  teletype. 

The  form  of  the  analysis  program  resulted  in  multiple  measurements  of 
several  correlations.  This  comes  about  because  at  any  probe  location  it  is 
necessary  to  perform  runs  with  the  cross-wire  probes  in  two  orientations 
(90°  apart)  in  order  to  generate  all  three  turbulent  velocity  components. 

A single  orientation  produces  u along  with  either  v or  w.  Thus  in  order  to 
obtain  all  elements  in  the  matrix  (ft.  for  a particular  pair  of  probe  locations 
it  is  necessary  to  perform  k tunnel  runs,  each  with  different  probe  pair 
orientations.  Table  6 summarizes  this  effect.  It  is  seen  that  h estimates 
of  (ftuu>  2 of  (Ruv>  ®uw  and  single  estimates  of  the  remaining  elements 

are  obtained.  The  multiple  estimates  were  averaged  to  produce  the  results 
reported  herein. 

Estimates  of  the  statistical  variability  of  the  data  were  obtained 
empirically  by  analyzing  the  results  produced  by  the  above  mentioned  multiple 
measurements.  In  addition,  (R,...  was  measured  for  Zp  = 25  in.  and  z^  = 2h.5  in. 
many  times  (26)  during  the  course  of  the  experiment . Typical  results  of  this 
analysis  are  shown  in  Figs.  121  and  122.  Here  it  is  seen  that  the  variance 
in  the  data  remains  fairly  constant,  independent  of  time  delay  as  t becomes 
large.  Note  that  the  variance  of  normalized  data  is  forced  to  zero  as  time 
delay  approaches  zero  as  a result  of  this  process.  Appendix  C discusses  the 
underlying  variance  due  to  the  finite  record  lengths  employed  and  it  is  seen 
that  the  observed  trend  is  consistent  with  theory.  Of  course,  systematic 
error  due  to  probe  effects  may  also  be  present.  The  data  of  Fig.  121  were 
obtained  from  a number  of  different  probes  and  recalibrated  probes.  The  surprising 
low  values  of  variance  indicate  that  the  normalizing  process  is  quite  successful 
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in  reducing  the  variability  of  (R_ estimates  at  small  r.  The  influence  of 
probe  errors  is  then  shifted  into  the  estimates  of  signal  rrns  values . As 
indicated  in  Section  5-1-3  it  is  felt  that  the  hot  wire  anemometer  system 
enploying  cross-wire  probes  should  produce  errors  in  raw  velocity  measurements  of 
less  than  5 1o. 

6.3.2  Flight  Path  Cross-Correlation  Results  (44"  x 66"  Tunnel) 

The  experimental  measurements  in  the  44"  x 66"  tunnel  were  taken  at 
58  probe  pair  locations  (see  Fig.  67)  along  a = 15°  glide  slope.  Cross- 
correlations were  obtained  for  time  delays  corresponding  to  three  flight  speeds 
by  selecting  the  proper  ( ti,  - t|)  values  before  each  run. 

The  measured  flight  path  correlations,  obtained  for  a mean  wind 
with  a 0.l6  power  law  profile,  are  plotted  in  Figs.  132  to  158  in  nondimensional 
form.  The  following  cases  have  been  studied: 

(i)  The  complete  (R  matrix. 

(ii)  Flight  path  approach  angle  y„  = 15°. 

ill 

(iii)  Aircraft  velocity  ratios,  V/W_  = 1.0,  1.5,  2.0. 

U 

(iv)  W„  = 66  fps,  W'  = 90  fps,  Z = 1000  ft,  Z\  = 36  in. 

U u Lr  L; 

In  all  cases  the  landing  approaches  were  assumed  to  be  at  constant  air  speed 
along  a straight  approach  path.  The  simulated  turbulence  characteristics  are 
summarized  in  Figs.  53  and  64. 

The  data  are  presented  as  a function  of  t^  and  ( t),  - tj) . In  order 

to  convert  these  values  to  full  scale  time  they  must  be  multiplied  by  l/S,  = 455 - 

As  in  the  case  of  the  results  presented  in  Section  6.2.3,  the]R(t',  ti,) 

are  presented  as  a series  of  curves  utilizing  the  parameter  t|,  with  ( ti,  - tj) 

as  the  independent  variable.  The  parameter  tj  is  given  as  the  time  in  seconds 

taken  by  the  aircraft  to  descend  from  a fixed  starting  pod nt  (z'  = 35.82")  to 

the  upper  turbulence  measurement  point  zj  (in  the  wind  tunnel  frame).  See  Table  8. 

Theft  results  obtained  in  the  44"  x 66"  tunnel  have  been  compared  with 

(* 

corresponding  8"  x 8"  tunnel  data  by  using  the  appropriate  and  plottini' 
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both  sets  against  full  scale  time  delays  ( tg  - t ).  Typical  results  are 
shown  in  Figs.  124  to  126.  Here  results  obtained  for  the  same  speed  ratios 
V/VL  and  approximately  the  same  upper  probe  location  in  the  shear  layer  are 
plotted.  Overall,  both  tunnels  appear  to  be  producing  similar  results.  When 
several  sets  of  comparisons  are  studied  however  it  appears  that  on  the  average 
the  8"  x 8"  tunnel  correlations  lie  slightly  above  those  found  for  the  44"  x 66" 
tunnel.  Three  possible  causes  for  this  slight  shift  have  been  considered: 

1.  Turbulence  scale  (LV)  differences  between  the  two  tunnels. 

2.  The  influence  of  the  low-pass  filters  used  for  dc  removal. 

3.  The  influence  of  viscous  dissipation  effects  that  cannot  be  scaled 
properly. 

As  shown  in  Appendix  A,  if  the  frozen  flow  hypothesis  is  assumed, 
then  the  scales  L.  and  T^  can  be  related  by  the  equation: 

L*  = 0 T.  (6.2) 

If  one  assumes  that  the  first  zero  crossing  of  the  R^(t-)  plot  is  related 

x x / ~ 

to  T.  , and  hence  L.  , then  a difference  in  L.  and/or  U between  the  two 

tunnels  could  cause  the  observed  trend  in  the  data.  From  the  velocity  profi  le 

plots  of  Figs.  19  and  54  and  the  scale  comparison  plot  of  Fig.  64  it  is  seen 

that  it  is  unlikely  that  the  observed  differences  could  be  due  to  this  effect. 

The  influence  of  the  low-pass  filters  on  correlation  estimates  can 

be  shown  to  be  represented  by  the  convolution  of  a window  function  with  the  true 

underlying  correlation.  This  is  developed  in  Appendix  D where  it  is  demon- 

stated  that  the  filters  used  in  the  present  study  should  not  influence  our 

correlation  estimates  in  the  time  delay  ranges  employed. 

inaliy,  the  difference  between  the  viscous  dissipation  processes  in 

tl  t.  o tunnels  ta ..  alremdj  been  mentioned  in  Section  5.2.3.  This  effect  is 


seen  in  the  shape  of  power  spectral  density  plots  at  high  frequencies.  Overly 
small  simulation  tunnels  tend  to  have  the  large  energy  losses  due  to  this  eff- 
ect occur  at  too  low  a frequency.  A useful  parameter  for  assessing  the  impor- 
tance of  this  effect  is  the  ratio  k /k  where  k represents  the  reduced  fre- 

v p v r 

quency  at  which  the  viscous  cut-off  of  the  energy  spectrum  of  the  turbulence 
becomes  noticeable  and  k^  is  the  reduced  frequency  at  which  the  spectrum  k$(k) 
peaks.  In  Reference  20  it  is  suggested  that  this  ratio  can  be  represented  for 

*uu(k)  by’ 


k /k  = C (u/vk  )0,T5 
v p p 


(6.3) 


where  C is  a constant  equal  to  0.015  i.  -0075  as  determined  empirically  from 
flows  with  a wide  range  in  scale. 

In  order  to  indicate  the  order  of  magnitude  that  this  viscous  dissi- 
pation effect  might  have  on  ^UU(T)  measurements  a simple  analysis  will  be  carr- 
ied out  for  conditions  corresponding  to  the  data  of  Figure  12b.  For  z/Z„  =0.5 

and  for  n = 0.l6  the  following  data  apply  (the  tunnel  k data  were  taken  from 

P 

Figs.  21  and  56,  the  full  scale  data  from  Reference  11 ).  Note  that  the  tunnel 
data  are  as  measured  in  the  model  frame  and  have  not  yet  been  scaled  up  to  full 
scale . 
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When  the  ky  data  are  scaled  up  to  full  scale  for  the  tunnel  cases  and  converted 

to  viscous  cutoff  frequency  uvc0  one  obtains  the  following  values: 

Actual  Atmosphere  a)VCQ  = 1889  rad/sec  (for  W^,  = 66  fps) 

8"  x 8"  Tunnel  u = b.10  rad/sec 
vco 
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44"  x 66"  Tunnel  w = 27.59  rad/sec. 
vco 

Now  if  it  is  assumed  that  the  power  spectra  are  effectively  truncated 
at  uvc0  by  viscous  dissipation  (a  simplifying  assumption  made  to  check  the  worst 
possible  case)  then  by  using  the  approach  developed  in  Appendix  D the  influence 
of  viscous  dissipation  on  correlation  estimates  can  be  seen  by  looking  at  the 
convolution  of  the  appropriate  window  function 
G(t)  =‘ 


/.l  sinu  t 
Wvco  vco 

TT  W T 

VCO 


(6.M 


with  the  true  correlation  (where  G(x)  is  found  (in  this  case)  by  transforming 

the  box  car  function  with  limits  + w ).  The  shape  of  G(t)  is  illustrated  in 

— vco 

Fig.  127.  Note  that  it  is  dominated  by  a central  lobe  of  width  xtT  = 2II/(jJ 

W vco 

For  the  three  cases  being  considered  above  the  full  scale  values  of  are: 


Actual  Atmosphere 
8"  x 8"  Tunnel 
UU"  x 66"  Tunnel 


Tir  = 0.0033  sec 
W 

t.T  = 1.530  sec 
W 

ttt  = 0.228  sec 
w 


Assuming  that  the  shape  of  the  Ruu(t)  plot  of  Fig.  123  is  typical  of 
actual  atmospheric  results,  it  is  seen  that  the  initial  zero  crossing  occurs 
at  T of  about  20  sec  (full  scale).  When  the  window  of  (6.U)  is  convoluted  with 
this  type  of  plot  (for  the  central  lobe  widths  listed  above)  it  is  found 
that  the  only  significant  effect  occurs  near  the  first  zero  crossing  where  the 
curve  is  distorted  slightly  in  the  region  of  T = 20  + sec.  so  as  to  increase 
slightly  in  magnitude  and  thus  shift  the  zero  crossing  to  a value  of  time  delay 
approximately  Tw  sec  greater.  Thus  when  the  flight  path  correlations  such  as 
those  of  Fig.  \2b  are  computed  from  the  raw  correlation  results  one  would  expect 
the  results  from  the  8"  x 8"  tunnel  to  lie  slightly  above  those  from  the  Uh”  x 
66"  tunnel  due  to  this  effect.  The  difference  between  the  kb"  x 66"  tunnel  data 
and  the  actual  atmosphere  would  appear  to  be  negligible  in  the  present  example. 
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Thus  it  is  seen  that  of  three  possible  sources  for  the  observed 
trend  in  the  comparison  data  only  viscous  dissipation  effects  appear  to  be  sig- 
nificant. Of  course,  other  effects  could  be  taking  place  due  to  slight  diff- 
erences in  the  details  of  how  the  data  were  gathered  and  analyzed.  At  the  pre- 
sent time,  however,  their  source  is  not  obvious. 

In  discussing  the  details  of  the  (R  data  obtained  in  the  kk"  x 66" 
tunnel,  comparisons  will  be  made  with  those  obtained  in  the  8"  x 8"  tunnel  and 
those predicted  by  the  von  Karman  model  for  homogeneous  isotropic  turbulence. 

The  generation  of  the  latter  comparison  data  is  described  in  detail  in  Appen- 
dix E.  Basically  these  latter  comparison  data  represent  the  measurements 
that  would  have  been  obtained  with  the  probe  spacings  and  time  delays  employed 
in  this  study  if  the  tunnel  flow  had  the  characteristics  of  high  altitude 
turbulence.  Such  a comparison  highlights  the  effects  of  the  boundary  layer 
on  correlation  measurements.  The  values  of  integral  scale  and  mean  velocity 

were  taken  to  be  those  at  z'  = 25  (Lx'=  lk.8"  , U'  = 8k. 9 fps)  in  evalua- 

u 

ting  the  von  Karman  model. 

A/ 

The  0}  data  are  contained  in  Figs.  132-13k.  C>enerally  speaking 
most  of  the  data  for  a given  speed  ratio  tend  to  collapse  onto  a common  curve 
except  for  the  results  at  the  two  largest  values  of  t^'.  In  the  latter  cases 
a slight  trend  towards  increased  correlation  at  larger  separations  (t^'-t^') 
is  indicated.  When  these  results  are  compared  with  the  corresponding  ones  from 
the  8"  x 8"  tunnel  (Figs.  73-76)  it  is  seen  that  the  smaller  tunnel  data  show 
a slightly  more  pronounced  separation  of  the  correlation  curves  for  increasing 
t ' values.  A sample  comparison  is  given  in  Fig.  12k  for  V/W„  = 1.5.  Note 
that  these  results  are  plotted  against  full  scale  (t„-t, ).  When  theft  data 
are  compared  with  that  generated  by  the  von  Karman  model  the  result  is  as  shown 
in  the  sample  plot  of  Fig.  129.  Due  to  the  larger  spacial  separation  between 
the  hot  wire  probes  for  a given  value  of  (t^'-t  ' ) as  t^ ' becomes  larger  (i.e.. 
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closer  to  the  floor  of  the  tunnel  where  V is  increasing,  see  Fig.  5)  the 
values  of  determined  from  the  von  Karman  model  actually  decrease  slightly 
as  t^'  increases.  All  the  tunnel  data  lie  below  the  model  results  with  the 
least  difference  between  the  two  occurring  for  small  values  of  (t^'-t^1) 

(as  is  expected  since  both  sets  of  normalized  data  must  approach  unity  as 
(tg'-t^*)  approaches  zero).  The  other  obvious  effect  of  the  boundary  layer 
on  the  correlation  measurements  has  been  the  previously  mentioned  increase  in 
correlation  for  a given  (tg'-t^')  as  ^l'  ihcreases  for  measurements  near  the 
bottom  of  the  layer  (large  t^'  values). 

The  data  are  contained  in  Figs.  135-137.  All  the  data  for  a 
given  speed  ratio  tend  to  collapse  onto  a common  curve.  The  results  all  have 
a modest  positive  peak  near  (tg'-t^’)  = 0 and  drop  to  zero  for  (t^'-t^')  > 

.016,  or  .012  sec.  in  the  case  of  V/VJ,,  = 1.0,  1.5,  or  2.0  respectively.  No 

Kj 

rj  j 

8"  x 8"  tunnel  results  were  taken  for  $ and  the  von  Karman  model  predicts 

uv 

& =0. 

uv 

The  data  are  contained  in  Figs.  138-lHo.  The  data  for  a given 
speed  ratio  tend  to  collapse  onto  a common  curve  except  for  the  results  for 
the  smallest  value  of  t, ' in  the  cases  of  V/W„  equal  to  1.5  and  2.0  which  appear 

1 u 

to  be  less  negative  than  the  rest.  The  data  are  characterized  by  a negative 
peak  near  (tg'-t^1)  = 0 an<i  i-ncrease  zero  for  (t^'-t  ' ) > .03,  .03,  or  .02 
sec.  in  the  case  of  V/W_  = 1.0,  1.5,  or  2.0  respectively.  No  8"  x 8"  tunnel 

Vi 

*■*/  / / 

results  were  taken  for  ft  A comparison  with  the  von  Karman  model  is  presented 
in  Fig.  130  for  the  case  V/W  =1.5.  It  is  seen  that  the  model  nredicts  a 

U 

fairly  constant  small  positive  value  for  <^uw,  quite  unlike  that  measured  in  the 
boundary  layer . 

Aw 

The  (ft  data  are  contained  in  Figs.  I^l-ll3.  The  results  are  almost 
vu  ° 

A* 

identical  to  those  described  under  ft 

uv 
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The  (ft  data  are  contained  in  Figs.  lhb-116.  Most  of  the  data  for  a 
w 

f given  speed  ratio  tend  to  collapse  onto  a common  curve  characterized  by  a posi- 


tive peak  at  (t^'-t^')  = ® an<^  a re8i°n  negative  correlation  following  the 
first  zero  crossing.  For  speed  ratios  V/W.  =1.5  and  2 the  data  for  the  lar- 

* Lj 

gest  value  of  t^ ' (t^'  = .182  sec.)  appear  to  show  a more  positive  correlation 
than  the  rest.  When  these  results  are  compared  with  the  corresponding  ones 
from  the  8"  x 8"  tunnel  (Figs.  83-86)  it  is  seen  that  the  results  are  quite 
similar.  A sample  comparison  is  given  in  Fig.  125  for  V/W ^ = 1.5.  The  great- 
est difference  between  these  data  sets  appears  to  be  the  need  to  go  lower  in 
i ' j 

the  boundary  layer  in  the  W x 66"  tunnel  to  detect  the  increased  correlation 

I 

exhibited  by  the  largest  t^'  data.  A sample  comparison  with  the  von  Karman 
model  results  is  presented  in  Fig.  131.  It  is  seen  that  the  model  results  also 
exhibit  a negative  correlation  region.  As  in  the  case  of  the  «w 

I 

experimental  data  generally  lie  below  the  model  results  and  show  an 
increased  correlation  trend  with  increasing  t^'  opposite  to  that  for  the 
model . 

' The  (?(  data  are  contained  in  Figs.  ltT-1^+9.  The  data  for  a given 

w 

speed  ratio  tend  to  collapse  onto  a common  curve  except  for  the  results  at  the 
largest  value  of  t.  ' in  the  cases  of  V/W  equal  to  1.5  and  2.0.  In  these  in- 

-L  U 

stances  the  correlations  seem  to  be  more  negative  near  (tg'-t^')  = 0 than  for 

the  rest  of  the  data.  In  general  the  correlations  are  nearly  zero  except  for 

a slight  negative  trend  near  (tg'-t  ')  = No  ®"  x funnel  results  were 

taken  for  (R  and  the  von  Karman  model  predicts  $ =0. 

vw  ^ w 

A# 

The  fi\  data  are  contained  in  Figs.  150-152.  The  data  for  V/W  equal 

WU  U ; 

to  1.0  tend  to  collapse  onto  a common  curve.  All  the  data  indicate  a negative 
peak  at  (t^'-t^')  = ® and  exhibit  a region  of  positive  correlation  following 
the  first  zero  crossing.  In  the  cases  of  speed  ratios  V/W^  = 1.5  and  2.0  it 
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is  seen  that  there  is  a trend  towards  more  positive  correlation  as  t^ ' in- 
creases (towards  the  bottom  of  the  boundary  layer).  These  results  are  diff- 
erent from  those  obtained  for  $ where  the  region  of  positive  correlation  was 

uw 

absent  and  some  data  indicated  a more  positive  correlation  towards  the  top  of 
the  boundary  layer.  The  $ data  also  cross  the  horizontal  axis  at  lower  val- 

WT X 

ues  of  (t^'-tf1)  than  do  the  results.  No  8"  x 8"  tunnel  results  were  taken 
for  V-  The  von  Karman  model  results  for  are  as  shown  in  Fig.  130  (since 
this  model  predicts  that  = ft^).  The  boundary  layer  results  are  completely 
different  from  those  produced  by  the  model. 

✓v 

The  ^wv  data  are  contained  in  Figs.  153-155-  The  results  for  V/W^  = 

A' 

1.0  appear  quite  similar  to  those  for  IP*  . However,  those  for  V/W„  = 1.5  and 

vw  G 

2.0  are  characterized  by  a slight  positive  peak  at  (t^'-t^')  = 0 and  a nega- 
tive region  following  the  first  zero  crossing.  This  effect  becomes  more  pro- 
nounced as  V/W  and  t, ' increase.  No  8"  x 8"  tunnel  results  were  taken  for 

G 1 

/v 

ft  and  the  von  Karman  model  predicts  $ =0. 

wv  wv 

The  ft  data  are  contained  in  Figs.  156-158.  The  data  for  a given 
speed  ratio  tend  to  collapse  onto  a common  curve  excent  for  the  results  at  the 


two  largest  values  of  t^' . For  these  cases  a slight  trend  towards  a more  posi- 
tive correlation  at  large  values  of  (t^'-t^')  indica'ted>  The  results  are 

/N/  ^ 

similar  to  those  for  except  that  the  $ ^ data  tend  to  have  their  first  zero 

crossing  at  lower  values  of  (t^-t^)  unlike  the  corresponding  ones  from  the 

8"  x 8"  tunnel  (Figs.  93-96)  where  the  zero  crossing  is  seen  to  be  similar 

to  that  of  the  data.  The  sample  comparison  plot  given  in  Fig.  126  indicates  that 

the  8"  x 8"  tunnel  results  show  a more  positive  correlation  overall  than 

those  from  the  4U"  x 66"  tunnel.  The  computed  values  for  the  von  Karman 

model  turned  out  to  be  extremely  close  to  those  for  (due  to  the  shallow 

A / 

glide  slope  angle  of  only  15°)  and  thus  Fig.  131  depicting  the  results  is 
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applicable  here.  Again  the  comments  made  concerning  this  figure  apply  to  9^ 
as  well . 

In  summary  the  following  general  statements  can  be  made  about  the 

A/  Q 

(ft  data  from  the  kk"  x 66"  tunnel  for  = 15  and  n = 0.16. 

/v 

(1)  The  measured  (ft  data  showed  significant  departures  from 
homogenous,  isotropic  model  results. 

(2)  Much  of  the  data  for  a particular  element  of jft  can  be  re- 
presented by  a single  curve.  The  greatest  departures 
from  this  single  curve  occur  in  the  lowest  portion  of  the 
boundary  layer 

/N» 

(3)  The  (Rij  data  for  i have  peak  values  much  smaller  than 
those  for  i = j . In  some  instances  the  correlation  could  be 
reasonably  taken  to  be  zero. 

(U)  The  UU"  x 66"  tunnel  data  tend  to  be  slightly  less  posi- 
tive than  the  8"  x 8"  tunnel  results. 

(5)  The  influence  of  t^'  on jft  becomes  apparent  at  positions 
lower  in  the  boundary  layer  in  the  case  of  the  1+U"  x 66" 
tunnel  when  compared  with  the  8"  x 8"  tunnel. 
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Section  VII 


PRELIMINARY  MODEL  FITS  TO  EXPERIMENTAL  (R  DATA 
The  objective  of  the  model  fitting  outlined  in  this  section  is 
rather  limited  in  scope.  The  aim  is  to  take  an  established  theoretical 
model  and  empirically  select  its  parameters  to  achieve  a reasonable  descrip- 
tion of  the  measured©  data  from  the  44"  x 66"  tunnel.  This  fitting  is  for 
the  purpose  of  minimizing  the  number  of  wind  tunnel  measurements  required 
in  the  application  of  the  fixed-probe  technique.  Of  course  the  close  scrutiny 
of  the  experimental  results  in  the  course  of  model  fitting  will  also  improve 
our  understanding  of  the  trends  exhibited  by  the  (R  data. 

Based  on  the  comparisons  of  the  wind  tunnel <R  data  with  the 
predictions  of  the  von  Karman  model  (e.g.,  Figs.  129  and  131)  it  was  decided 

that  this  model  might  form  a reasonable  basis  for  fitting  empirical  curves 

/ <■ 

to  the  test  results.  As  outlined  in  Appendix  E,  the  von  Karman  model 
assumes  isotropic,  homogeneous,  Gaussian,  and  frozen  flow.  Probably  none  of 
these  conditions  apply  exactly  in  the  case  of  the  earth's  boundary  layer, 
but  as  the  curves  of  Figs.  129  and  131  demonstrate  the  general  features  of 
© are  represented  by  such  a model  (at  least  when  the  same  velocity  conponent 
is  being  measured  at  the  two  locations) . 

One  approach  to  this  model  fitting  problem  is  to  first  establish 
the  physical  location  of  the  two  measurement  points  and  the  corresponding 

X * 

values  of  L^  and  W' . Then  by  a suitable  choice  of  representative  values 

x 1 ~ 

for  Lu  and  W'  deduced  from  the  above,  ©_ could  be  predicted  from  equation 
(E.l) . That  is: 

~ LI. 

R^Ui,  £e,  63  ) = [f(0  - g(5)3  + g(S)6i1  (7.1) 

xd  ^2  *L«J 

In  order  to  carry  out  this  last  step  it  is  first  necessary  to  transform 
the  time  delay  erployed  in  the  wind  tunnel  measurement  of  ©_  (namely 
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(tg1  - t^'))  into  an  equivalent  spatial  separation.  In  the  case  of  isotropic, 
homogeneous,  frozen  flow  one  proceeds  as  follows.  Assuming  that  the  mean 
flow  is  in  the  positive  x-direction  and  that  the  mean  flow  velocity  is  W' 
then  a time  delay  of  t seconds  introduced  into  the  signal  from  the  upper  probe 
is  equivalent  to  an  additional  spatial  separation  in  the  x-direction  of 
-W't.  (See  Taylor's  hypothesis  in  Appendix  A.)  And  thus  a typical  flight 
path  correlation  as  measured  in  this  study  would  be  given  by 

ftu(ti',t2')  = 5^(11,12,63)  (7-2) 

i = j = 1 

= (z2 ' - zi')/tan7E  - W' ( t2'  - ti') 

62  = 0 

63  = z2'  - Zi' 

Now  if  one  wishes  to  carry  over  the  hypothesis  of  frozen  flow  to 
the  present  case  involving  wind  shear  in  order  to  apply  (7*2)  a problem 
arises.  If  it  is  assumed  that  the  flow  is  frozen  in  horizontal  layers  and 
that  each  layer  is  travelling  at  the  local  mean  wind  speed  then  the  spacial 
organization  among  the  turbulence  components  becomes  a function  of  time. 

This  loss  of  spacial  organization  results  from  the  various  layers  slipping 
over  one  another  such  that  a fixed  time  delay  between  the  signals  from  two 
hot  wire  probes  at  different  levels  in  the  flow  no  longer  corresponds  to  a 
single  fixed  spacial  separation  in  the  flow  field.  Once  this  was  realized 

X * 

it  was  found  that  no  a priori  best  choice  for  the  variation  of  W'  and  i, 
with  probe  location  was  obvious. 

In  effect  the  above  approach  represents  an  attempt  to  model  the 
results  found  for  a limited  spacial  separation  in  a shear  flow  by  the  best 
fit  equivalent  isotropic,  homogeneous,  Gaussian,  frozen  flow  results.  To 
the  extent  that  the  physical  probe  separations  enployed  spanned  only  a portion 
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of  the  shear  layer  before®  became  negligibly  small  (and  only  modest 
changes  in  W'  and  Lu  occurred,  see  Table  9)  it  does  not  seem  unreasonable 
to  assume  that  the  gross  features  of  the  flow  field  in  a particular  measure- 
ment region  could  be  fitted  by  such  a model.  In  order  to  further  refine  this 

X * 

fitting  process  the  parameters  W and  Lu  have  been  allowed  to  vary  depending 
on  the  exact  location  of  the  two  measurement  points  in  the  flow  field.  The 

corresponding  value  of  mean  square  turbulence  used  to  nondimensionalize  the 

correlation  function  will  be  taken  to  be  the  product  of  the  rms  values  of  the 

appropriate  turbulence  components  existing  at  the  two  spacial  locations.  The 

resulting  theoretical  formulation  has  been  called  the  Modified  Von  Karman 

Model  to  identify  it  separately  from  the  previous  model  plots  of  Section  6.3.2 

(Note  that  no  attenpt  has  been  made  to  fit  <R.  . data  for  i j-  j due  to  the  poor 

- 1 

fitting  results  indicated  in  Section  6.3.2  for  these  cases.) 

The  approach  taken  in  this  preliminary  model  fitting  study  has  been 
to  examine  a particular  set  of  measurements  (for  V /VJ_,  = 1.5)  and  to  fit  a 
reasonable  curve  to  these  data.  Then  using  the  W'  and  Lu  values  applied  in 
this  case,  see  how  well  the  model  fits  the  <R  and  (R  data.  In  particular, 
model  fits  to  the  data  of  Figs.  133a,  l45a  and  157a  were  attested.  The 

X f 

corresponding  values  of  W'  and  Lu  for  the  upper  probe  and  the  lowest  position 

X * 

of  the  lower  probe  are  given  in  Table  9*  The  ranges  of  W'  and  have  been 
kept  within  these  limits  in  the  present  study. 

X ' 

In  order  to  gain  some  experience  into  how  W'  and  Lu  separately 

influence  the  model's  prediction  of  <Ruu  the  effect  of  varying  W'  for  a 

x 1 x * 

fixed  value  of  Lu  is  shown  in  Fig.  159  and  the  effect  of  varying  L"  for 

a fixed  value  of  W'  is  shown  in  Fig.  l6o.  In  the  case  of  (R^  it  is  seen  from 

(7.2)  that  the  curve  must  start  at  <Ruu  = 1 for  (t^'  - t^')  =0  and  approach 

(Ruu  = 0 for  (tg'  - t^')  -><»  and  always  remain  positive  since  [f(£)  - g(£)l 

is  always  positive.  Thus,  as  is  seen  in  Figs.  159  and  160,  varying  W'  and 

X * 

Lu  affects  the  shape  of  the  curve  to  the  greatest  extent  in  the  middle 
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x * ' — ' 

portion.  Increasing  L and  decreasing  W’  results  in  an  increased©  in 

u uu. 

this  region. 

As  indicated  in  Section  6.3.2,  for  a given  speed  ratio  v/W„,  most 
of  the  measured  (R^u  data  tend  to  collapse  onto  a common  curve  except  for  the 
results  at  the  two  largest  values  of  t^ 1 which  tend  to  lie  above  the  rest. 

As  a first  attempt  at  fitting  the  modified  model  to  these  results  the 

X * 

following  algorithm  for  selecting  ¥’  and  L was  tried  based  on  values  measured 
at  S = 5-5H  and  using  linear  extrapolation  between  the  values  given  in  Table  9: 
W taken  as  value  at 

X * 

Lu  taken  as  the  average  of  values  at  z ' and  z^' . 

The  results  of  this  approach  are  shown  in  Fig.  l6l  for  three  values  of  t^' 
along  with  the  measured  data  for  t ' = .1528  sec.,  which  proved  to  be  the  best 
fit  for  this  case.  When  the  trend  for  increasing  t^'  in  the  modified  model 
data  is  coiqpared  with  that  for  the  corresponding  measured  data  (see  for  example 
Fig.  162)  it  is  found  that  the  modified  model  does  not  predict  the  higher 
overall  values  for  the  t ' = .1822  sec.  case  and  in  fact  it  is  seen  in  Fig. 
l6l  that  the  modified  model  results  for  t^’  = .0717  sec.  lie  above  the  rest. 

I f 

Several  other  simple  algorithms  for  selecting  W and  Lu  within  the  allowed 
range  were  attempted  without  much  more  success.  This  was  due  to  the  fairly 

X * 

small  range  in  W'  and  Lu  for  any  given  t^'  (see  Table  9). 

As  a compromise  solution  it  was  decided  to  find  a single  modified 
model  curve  that  would  represent  the  complete  set  of  measured  ©uu  data,  and 
ignore  the  spread  in  the  data  at  the  largest  t^'  values  for  the  time  being. 

The  results  based  on  t^'  = .1228  sec.  (z  ' = 16.5  in.)  were  found  to  be  most 
suitable  and  since  they  originated  from  the  middle  of  the  boundary  layer 
they  seemed  to  be  an  acceptable  representative  choice.  After  several  simple 

X * 

algorithms  for  selecting  W'  and  Lu  were  tested  for  this  case  it  was  found 
that  the  best  fit  (marginally)  was  achieved  by  using  the  values  of  these 
parameters  at  z0'.  The  results  of  this  procedure  are  shown  in  Fig.  162. 
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As  noted  above  there  is  no  straightforward  way  of  achieving  a negative 


value  of  <Ruu  with  this  model.  This  resulted  in  the  relatively  poorer  fit  to 

the  measured  data  at  the  higher  values  of  ( ' - t ’ ) . It  was  deemed  that 

this  fit  was  a reasonable  average  representation  of  the  experimental  data. 

The  same  model  parameters  were  then  used  to  generate © and  © 

w ww 

The <F  results  are  shown  in  Fig.  l63.  In  this  case  the  modified  model 

results  can  become  negative  because  = 0 and  thus  (R.  . = g( 0 which  becomes 

negative  for  £ large  (see  Fig,  128).  Once  again  the  fit  to  the  average 

experimental  data  is  reasonable  but  the  modified  model  results  lie  above  the 

experimental  ones  for  higher  values  of  (t^'  - t^').  Due  to  the  small  values 

for  !_  generated  for  = 15°  it  turns  out  that  the  modified  model  predicts 
j h 

© ~<R  for  the  present  case.  Since  the  measured©  data  have  their  zero 

w ww  ww 

crossing  at  smaller  values  of  (t^'  - t^')  than  the  measured©^  data,  it  was 
decided  that  some  underlying  reason  for  this  had  to  be  determined  if  the 
current  modified  model  was  to  be  of  any  use.  A partial  answer  was  found 


when  the  lateral  scale  L was  examined  in  the  region  where  these  measure- 

w 

ments  were  taken  for  the  case  t^'  = .1228  sec.  Whereas  the  theory  behind  the 

s / XX 

von  Karman  model  predicts  that  L = 21/  it  is  found  that  this  is  not  true 
* u w 

in  general  in  our  flow  field  (see  Fig.  64).  For  the  case  t^'  = .1228  sec., 


at  z 


x1  x ' 

2L  = 9.8  in  and  at  z 2L  = 10.0  in.  When  these  values  were 

w ^min  w 


used  instead  of  the  higher  Lu  values  of  Table  9 then  a slightly  better 
modified  model  fit  to  the  experimental  results  was  achieved  (see  Fig.  l64). 
A further  reduction  in  scale  magnitude  would  be  required  to  improve 


this  fit.  Since  this  step  is  outside  the  general  guidelines  adopted  it 
was  not  pursued  further  here. 

Whether  the  above  curve  fits  are  acceptable  or  not  for  use  in  the 
fixed  probe  analysis  technique  must  be  determined  by  runs  through  the  computer 
simulation  described  in  Section  ix»  It  appears  at  this  stage  that  the  modified 
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von  Karman  model  as  used  in  this  study  is  useful  in  predicting  the 


general  features  of  the  matrix.  Further  investigation  is  required  to 
verify  the  best  approach  in  applying  this  technique. 
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Section  VIII 


r 


1 


AIRCRAFT  DYNAMICS 

In  this  section  are  considered  the  motion  equations  for  a STOL 
aircraft  on  a landing  glide  path.  These  equations  form  the  basis  for  a 
computer  code  designed  to  predict  a landing  aircraft's  response  to 
turbulence  when  combined  with  the  flight  path  correlation  measurements  of 
Section  VI.  A typical  STOL  transport  aircraft  is  used  to  exercise  the 
algorithm  and  to  generate  sanple  results. 

8.1  Aircraft  Response  to  Wind  Shear 

The  aircraft  is  assumed  to  be  encountering  a headwind  W(h) , as 
described  in  earlier  sections.  To  conform  to  conventional  notation,  z in 
this  section  will  be  'down'  in  whichever  reference  frame  is  under  consider- 
ation; height  above  the  ground,  which  was  denoted  z in  earlier  sections, 
will  herein  be  denoted  by  h.  Standard  sign  conventions  are  used  for  all 
variables  (e.g.,  see  Ref.  5). 

If  the  aircraft  velocity  with  respect  to  the  ground  be  ^ and 
the  aircraft  velocity  with  respect  to  the  air  be  V,  and  the  wind  velocity 
(i.e.,  the  air  velocity  with  respect  to  the  ground)  be  W,  then  by  the 
law  of  vector  velocity  addition, 

XE  = V + W (8.1) 

We  shall  regard  as  basic  the  following  motion  equations  from 
vectorial  mechanics: 

P = F (8.2) 

i = M (8.3) 

where  p and  h are,  respectively  the  momentum  and 
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angular  momentum  (about  the  mass  centre)  of  the  aircraft.  _F,  and _M  are 
respectively  the  external  force  and  external  moment  (about  the  mass 
centre)  on  the  vehicle.  The  overdot  denotes  differentiation  with  respect 
to  an  inertial  reference  frame;  this  frame  may  reasonably  taken  to  be 
the  earth  for  this  investigation.  This  means  that  the  rotation  of  the 
earth  on  its  axis  is  neglected;  the  earth  will  also  be  regarded  as  flat. 

We  shall  further  use 


p = m V 


-E 


(8.4) 


h = I to 


(8.5) 


where  m and  I_ are  the  mass  and  inertia  matrix  of  the  system,  and  Ve  and 
w,  are  the  velocity  and  angular  velocity  of  the  aircraft  with  respect 
to  an  inertial  frame  (ie.,  the  ground).  Relations  (8.4)  and  (8.5)  imply 
that  the  aircraft  is  modelled  as  a single  rigid  body.  In  particular 
contributions  to  p and  h from  the  following  sources  are  neglected: 
elastic  deformations,  rotating  propellers  and  engine  components,  and 
deflecting  control  surfaces. 

8.1.1  Reference  Frames 

As  mentioned  above,  we  already  have  in  mind  an  inertial  reference 
frame,  in  order  to  write  the  motion  equations  (8.2)  and  (8.3)  and  with 
negligible .error  it  may  be  assumed  for  the  present  development  that  this 
frame  is  fixed  to  the  earth.  The  orthonormal  dextral  triad  (i,  jT  kT) 
associated  with  are  defined  as  follows:  ij  is  parallel  to  the  level 

runt/ay;  kj  is  down,  and  4l  = £l  x fco  the  right  (see  Fig.  l) . 

The  second  reference  frame  we  shall  need  is  r,  a body- fixed 

■D 

frame.  There  are,  of  course,  an  infinity  of  body- fixed  frames,  and  we 
intend  to  select  the  one  which  is  most  convenient.  One  possibility  (since 
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we  are  taking  the  aircraft  to  be  a rigid  body)  is  the  so  called  principal- 
inertia-  axis  frame,  in  which  the  cross-products  of  inertia  vanish.  A 
better  choice  exists,  however,  as  will  be  explained  subsequently.  For 
the  present,  we  need  only  note  that  the  orthonormal  dextral  triad 
(^B  4b  associated  with  5*"  has  ip  and  kg  in  the  plane  of  symmetry 

of  the  aircraft  with  ip  nominally  ’forward',  kg  nominally  'down'  and  j. 
nominally  to  the  right. 

The  unit  vectors  for  and  ^ are  related  by  a rotation  matrix* 

1 D 

R viz.,  for  a general  vector  u; 
td_L 


^2  = hi  Hi 


(8.6) 


where  the  column  matrix  in  represents  the  components  of  u in  . The 
nine  elements  of  R will  be  denoted  r. . for  convenience: 

Di.  1 J 


Sbi  = t rij  ; 


(8.7) 


An  alternative  reference  frame  is  the  so-called  'wind  frame' 

(Ref.  5). 

We  now  express  the  important  vectors  in  terms  of  their  conponents 
in  these  reference  frames. 

The  wind  velocity  expressed  in 


and  the  gravity  vector: 


Wj  = l 0 


-W  \ 


u ; 
0 ' 


(8.8) 


o 

£r  = l 0 
e 


(8.9) 


At  this  point  in  the  development  the  assumption  that  the  mean  wind  is 


*A  rotation  matrix  is  a 3 x 3 orthogonal  matrix  whose  determinant  is  +1. 
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aligned  with  the  runway  has  been  made.  If  it  is  desired  to  include  a 
crosswind  component  in  the  analysis  then  a new  form  for  W including  this 
is  required  and  the  reference  equilibrium  of  Section  8.3  must  be  suitably 


modified. 


As  seen  by  the  aircraft,  the  aircraft  velocity  with  respect  to 


the  air,  V is  expressed  in  *5r  : 

B 


= n 


(8.10) 


Therefore,  from  (8.1)  and  (8.6),  the  components  of  V_  expressed  in  ^ are 


u - W rn 


v - W r^ 


w - W r„ 


(8.11) 


Similarly  we  express  the  angular  velocity  components  in  using 

B 

conventional  notation; 


(8.12) 


Under  our  current  assumptions,  the  inertia  matrix,  if  expressed 

in  °%r  f corresponds  to  a constant  matrix.: 

B 


i o -I 

XX  xz 

0 1 0 

yy 

■i  oi 

zx  zz 


(8.13) 


Because  the  xz  plane  of  the  frame  lies  in  the  plane  of  symmetry  of  the 

aircraft  it  follows  that  I = I = I = I =0.  The  definition  of 

ja  yz*  z.y 

I implies  that  I = I 
— zx  xz 
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To  complete  the  specification  of  the  important  vectors  in 
terms  of  their  components  in  appropriate  reference  frames,  we  mention 
that  the  torque  components  are 


(8.14) 


and.  the  nongravitational  forces  are 


where 


A = F - mg 


(8.15) 


(8.16) 


The  torque  and  nongravitational  forces  are  due  to  thrust  and  all  other 
influences  of  the  surrounding  air  on  the  aircraft. 

The  position  of  the  aircraft  may  be  fourri  by  integrating  the 
differential  equations  inferred  from  (8.1l)  and  (8.6),  namely 


(8.17) 


where  (xj  yx  -h)  are  the  conponents  of  aircraft  position  int^. 

8.1.2  Scalar  Motion  Equations  in  Body  Axes 

As  is  customary  with  this  class  of  problem,  we  require  two 
types  of  time  derivative  for  vectors:  rate  of  change  as  seen  by  jf,  and 
rate  of  change  as  seen  by^.  We  have  already  agreed  to  denote  the  former 
by  an  overdot  (e.g.,  equations  (8.2),  (8.3l));  we  shall  denote  the  latter 
by  an  ivercircle.  For  any  vector  u,  these  two  are  related  by 


u = u + u x u 


(8.20) 


t 


(see  for  example  Ref.  5,  equation  4.6,9)  where  it  will  be  recalled  that  w, 
is  the  angular  velocity  of  with  respect  to  ^ . Note  that  jS  =_w. 

In  particular,  we  have 

V = V + (o  x V (8.21) 

h = h + w x h (8.22) 

T -7  ~r  -7 

Consider  the  motion  equations  (8.2)  and  (8.3).  When  these  are  combined 
with  equations  (8.4),  (8.5)  and  (8.1l)  it  is  seen  that  the  moment  equations 
do  not  involve  the  wind  W.  Thus  the  applicable  moment  equations  are  identical 
to  those  developed  in  Ref.  5 for  a stationary  atmosphere.  The  force  equations 
are  derived  as  follows. 

Substituting  (8.16),  (8.4)  and  (8.1)  into  (8.2)  obtain 


m(v  + W)  = m g + A (8.23) 

—?  ~r  —t 

substituting  for  V from  (8.21)  into  (8.23)  and  writing  the  components  in 
obtain 

+ + 2bI  ^I}  = m % + 4 i82k) 

0 -r  q 

r 0 -p 

-q  p 0 

Thus  when  all  vectors  are  expressed  in  terms  of  the  components  agreed 
upon  in  the  last  section  the  scalar  motion  equations,  expressed  in  body 
axes,  are 

m (u  + qw  - rv  - r^  W)  = X + mg  r^ 

m (v  + ru  - pw  - r21  W)  = Y + mg  r^  } (8.25) 

m (w  + pv  - qu  - r,^  W)  = Z + mg  r,,_, 
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L 


Iyyq 


I r 
zz 


Ixz(r  + pq)  + (I 

^('V)  +d 

Izx(p-rq)  + (I 


zz 

XX 

yy 


-I  ) qr  = 

yy 

-I  ) rp  = M 
zz'  e 


(8.26) 


To  con^lete  the  system  equations,  we  note  the  kinematical 
relations.  From  (8.17), 


XI  = rllu 

+ 

r v 
21 

+ r^w  - w 

h = ri2u 

+ 

r v 
22 

+ r32w 

| (8.27) 

-h  = r13u 

+ 

r v 
23 

+ r33W 

and  since  (from  Ref . 5j 

equation  4.6,7), 

R = - co 

— BI  — B 

£bi 

(8.28) 

we  have  the  nine  first-order  equations 

hi 

= 

r r2i 

- qr3i 

hi 

= 

pr3i 

1 

- r rli  / 

(8.29) 

hi 

= 

q rli 

- P r2i 

for  i - 1,  . , 3.  The  r . are  not  independent  variables,  and  any  of  the 

^ J 

T 

relations  ii  st  that  ^ { is  the  unit  matrix  may  be  used 

a.*  'h'  k...  . t-  tl.  -r.  Mutational  simplicity  of  the  right  sides  of 


(8.29). 

8.1.3  ' B f Reference  Equilibrium 


because  of  the  wind  gradient,  neither  the  nominal  flight  trajectory 
nor  the  reference  flight  trajectory  (as  described  in  Section  I)  are  equilibrium 
trajectories  (i.e.,  the  state  variables  are  not  constant  along  the  trajectory). 
This  is  of  inportance  because  the  dependence  of  the  aerodynamic  force  A on 
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the  history  of  V(t)  and  w(t)  is  not  known  except  in  an  approximate  fashion. 

^ More  specifically,  the  aerodynamic  forces  are  customarily  linearized  about 

some  reference  equilibrium  flight  condition,  V(t)  - V.  w(t)  = u>  ; as  a 

i consequence,  this  'linear*  analysis  is  actually  an  'infinitesimal*  analysis 

(asymptotically  exact  as  AV  -»0,and  Aw  ->.0)  and  will  suffer  increasing 
errors  (the  magnitude  of  which  cannot  be  ascertained  from  the  linear  analysis 
itself)  as  ||AV||  and  ||Aw||  increase. 

In  addition,  a further  class  of  approximations  is  made  in  the 
linear  analysis:  the  Bryan  expansion  with  its  associated  'stability 
derivatives’ . A discussion  of  this  latter  approximation  is  given  in 
Section  5.11  of  Ref.  5.  The  Bryan  expansion  should  not  be  expected 
to  yield  reliable  results  in  situations  where  Av  or  Aw  are  changing 
rapidly.  Of  course  neither  of  these  approximations  (linearization;  Bryan 
expansion)  are  made  alacritously.  They  are  made  of  necessity.  One  siiiply 

. does  not  know  the  forces  and  moments  on  one's  aircraft,  at  time  t,  that 

arise  from  arbitrary  histories:  V(t'),  w(t'),  t'  < t.  This  does  not 

i 

alter  the  fact,  however,  that  the  results  of  analysis  should  be  viewed 
with  increasing  suspicion  as  the  deviations  from  equilibrium  becctne 
larger  (on  account  of  linearization)  and  as  the  rate  of  these  deviations 
becomes  larger  (on  account  of  Bryanization) . The  latter  is  particularly 
noteworthy  in  the  context  of  calculating  the  response  to  turbulence. 

One  candidate  reference  equilibrium  corresponds  to  a rectilinear  glide 
slope,  at  constant  airspeed,  with  no  wind  (W  = 0) . This  trajectory 
is  characterized  by  the  following  kinematics  when  is  selected  with  i aligned 
into  the  relative  wind: 

p,  q,  r s0  (8.30) 

u = Ve;  v,  w a o (8.31) 

where  is  the  airspeed.  It  follows  that 
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XI=  ^o+  (ve  c0s7e)fc 

yT=  o | (8.32) 

h = h - (V  sin?  )t 

where  ?g  is  the  flight  path  angle  (defined  as  positive  below  the  horizontal 
in  this  report).  The  non-zero  elements  of  the  R matrix  are  (see  (8.44)), 

cos 7 = r„0 

e 33 

sin?e  = -r31  j (8.33) 

1 

This  solution  is  feasible  dynamically  provided  it  is  possible  to  find 
aerodynamic/thrust  forces  and  moments  such  that,  for  (8.30)  and  (8.3l)3 


L,  M,  N,  Y = 0 

A 

X = -mg  sin7e  = Xg 
A 

z = -mg  cos?  = z 
e e 


(8.34) 


This  is  clearly  a requirement  of  any  normal  airplane,  for  some  range  of 

V and  7 . 
e e 

The  trouble  with  the  reference  equilibrium  characterized  by 

(8.30)  - (8.34)  is  that  when  headwinds  are  added  of  the  same  order  of 

magnitude  as  V , one  is  taken  so  far  from  the  reference  equilibrium 

that  the  linear  analysis  is  likely  to  be  unreliable.  To  circumvent 

this  difficulty,  a less  obvious  but  more  serviceable  reference  equilibrium 

is  selected,  namely  one  that  has  the  desired  rectilinear  glide  slope 

( at  angle  9^,)  and  the  desired  constant  airspeed,  V , but  that  has  a 

constant  headwind  W^.  The  headwind  chosen  is  the  headwind  at  some  point  along 
the  glide  slope  h^ 

“e  ■ »(hc> 

where  the  function  W(h)  is  intended  to  refer  to  the  power-law  profile 
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described  earlier  in  Section  3*1*’ 

W(h)  = WQ  (h/hG)n 


(8.35) 


This  is  a reasonable  choice  because  over  the  range  in  h for  which  <K 
measurements  are  available  from  the  44"  x 66"  tunnel  (694*  < h < 69’)  the 
range  in  W is  given  by  62  fps  < W < 43  fps,  a spread  of  only  19  fps. 

It  will  also  be  assumed  that  the  following  two  requirements  are  made  of 

the  flight  path  from  hA  down  to  hgt 

(i)  the  airspeed  is  constant  = 

(ii)  the  flight  path  is  rectilinear  at  an  angle  7g  below 

the  horizon. 

Thus  this  reference  equilibrium  trajectory  is  still  characterized  by 

the  following  kinematics  (again  with  selected  so  that  i is  aligned  with  V): 


p,  q,  r = 0 (8.36) 

u = V ; v,  w s 0 (8.37) 

e’ 

but  this  does  not  uniquely  specify  the  trajectory  since  all  the 

quantities  in  (8.36,  37)  are  expressed  in  % and  two  important 

given  quantities,  g and  7E,  are  related  to  5^.  The  Rgj  matrix  is  still 

given  by  (8.33)  but  now  7 q is  not  independently  given  and  follows 

instead  from  (3.26)  and  (3.27): 

V_  = \/v  - W »'  sin27  - W cos 7 (8.38) 

Ee  e e b e h 


7e  = sin'1  (VEesin7E/Ve)  (8.39) 

where,  recall,  ( V ,W  ,7_)  were  given  constants.  This  relationship  is  illustrated 

G 6 £j 

in  Fig.  4. 

In  place  of  (8.32)  then,  we  have 

’ie  X lA  (VEeCOS7E)t 

' *u‘  0 } (8•1'0, 

he  = hA  ' (VEeSin^E^t 
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and  (8.3*0  still  apply.  All  quantities  with  the  subscript  (.)g  are 

constants  except  x (t)  and  h (t). 

Ie  e 

8.1.4  Perturbations  About  the  Reference  Equilibrium 

In  general  the  aircraft  will  not  actually  fly  along  the  reference  equilibrium 
flight  path  due  to  (i)  initial  conditions  at  point  A,  (ii)  the  fact  that 
the  wind  is  not  constant  at  W , (iii)  turbulence,  and  (iv)  actuation  of 
controls  to  combat  the  effects  of  the  first  three.  An  analysis  is  now 
undertaken  to  produce  a set  of  linear  differential  equations  that  govern 
the  deviations  from  equilibrium  in  response  to  the  four  factors  mentioned 
above.  Representing  the  perturbations  about  the  reference  equilibrium  values 
as  Au  etc.  we  set 

u = + Au  ; v = Av  ; w = Aw  (8.4l) 

P = A p ; q = Aq  ; r=  Ar;  W = + AW  (8.42) 

and  the  kinematical  perturbations  may  be  written 


x = xg  + Ax  ; y = Ay  ; h = hg  + Ah 


(8.43) 


— BI 


cos7g  + sin/eA0  cos7gA0 


-A f - sin7  10 


sin7  -cos7  AS 
e e 


cos7e10 


-sin7e+  cos7  JS.Q  -A0-sin7e  cos7g+  sinz^AGy 


(8.44) 


(8.44)  is  the  transformation  matrix  based  on  Euler  angles  relating  to 

B I 

given  as  equation  (4.5,4)  in  Ref.  5 . Here  the  three  Euler  angles  are  given 
as  azimuth  angle  = A0,  elevation  angle  = -7g  + AG,  and  bank  angle  = A p. 

The  external  (nongravitational)  forces  and  moments  for  the  perturbed 
motion  are 

X = Xe  + AX  ; Y = AY  ; Z = Zg+  & (8.45) 

L = AL;M  = AM;N=AN  (8.46) 


With  these  substituted  into  (8.25)  - (8.27)  and  (8.29),  and  keep- 
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ing  only  first-order  terms , after  eliminating  the  reference  equilibrium  solution 
we  obtain: 


ro(Au  - cos7gAW) 
m(Aw  - VgAq  + sin7gA$) 
I Aq 


= AX  - mgcos7eA0 
= Az  + mgsin7eA9 


= cos7eAu  + Vesin7eA9  - sin7gAw  - Aw 
=-sin7QAu  + Vecos7eA0  - cos7gAw 


For  the  'longitudinal*  equations,  and 


m(Av  + VeAr) 

I Ap  - I Ar 
xx  * xz 

-I  Ap  + I Af 
zx  zz 


= Ay  + mgcos7eA£ 


(8.48) 


A p = Ap  - tan7gAr  v * ' 

Z ip  = sec7eAr 

Ay^.  = Av  + Vgcos7eZ^ 

• • • 

for  the  'lateral  equations'.  Note  that  the  A0,  A0  and  lap  equations  follow  from 
Ref.  5 equations  5.2,9. 

8.1.5  Longitudinal  Aerodynamics 

A specification  is  now  given  of  the  aerodynamic  forces  AX,  ZZ,  AM 
that  appear  in  (8.47); 


= X Au  + X Aw  + X Am 
u w 7 r 

= Z Au  + Z Aw  + Z .Aw  + Z Aq  + Z Arj  + Z A m 
u w w q 1 7 t 

= M Au  + M Aw  + M*Aw  + M Aq  + M A + M Am 
u w w q T)  T)  7T 


(8.49) 

(8.50) 

(8.51) 


Here  At)  is  a change  in  elevator  angle  and  Am  is  a change  in  throttle 
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setting.  These  two  quantities  will  be  regarded  as  the  control  variables 
fc.  the  longitudinal  equations. 


The  force  and  moment  derivatives  in  (8.49)  and  (8.50)  are  now 


reconstituted 

in 

terms  of  the  conventional  'stability 

follows  (Ref. 

23 

): 

Xu 

= 

-pVeSCL*tan7e  + 5 P VeS  CxU 

Xw 

= 

* PVeS  C*a 

X7T 

= 

*eS  Cx  ^T 
CT  v 

Zu 

= 

-pves  cL*  + I pves  czu 

Zw 

= 

* PVeS  cza 

Zw 

= 

i t*  PV  S C x 
d e za 

= 

t*q  S C 
e zq 

= 

q S C 
^e  zt) 

Z„ 

IF 

= 

-q  s C C - a S Sa  Ct_ 

e Lct  T.)r  ie  % 

\ 

= 

| PV  S c C 
* e mu 

M 

w 

= 

| pV  S c G 
*=  e na 

M. 

w 

= 

\ t*pv  S c C • 
* e men 

M 

q 

= 

t*q  S c C 
^■e  mq 

= 

q S c C 
e mr) 

*v 

= 

q S c C Cm 
e mCT  T7 r 

where  a 

= 

angle  of  attack  of  the  aircraft  zero 

/to 

% 

= 

Aw/Ve 

i p Ve 

c 

= 

mean  wing  chord 

t* 

= 

V(2  Ve) 

CL* 

= 

V(qes) 

L* 

= 

lift  plus  component  of  thrust  in  the  : 
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I To  make  the  results  more  meaningful  and  interesting,  the  values 

of  the  stability  derivatives  should  be  reasonable  for  an  actual  aircraft. 


The  data  used  are  largely  from  Ref.  24  and  represent  a twin  engined  STOL  aircraft 
with  flaps.  We  find  that  the  derivatives  that  are  not  sensitive  to  reference 
equilibrium  conditions  have  the  following  numerical  values, 


zu 

C • = 

za 

-2.150/rad 

C = 2.068/rad 
mT)  ' 

Czq 

-7.l44/rad 

CT  = 0.55 
lct 

CZT) 

0.5236/rad 

Cx  = 0.75 
CT 

C 

rca 

-2.026/rad 

c = -0.1698 

mCT 

C • = 

ma 

-8 .663/rad 

Cm  = 0 

u 

C 

mq 

-28.76/rad 

(2T/Su)e  = 0 

where 

C = 6.5617  ~ ( '-'y311  + 0.002l)  (8.52) 

le  ^ v e ' 

and  the  other  constant  are 

m = 341.9  slugs  c = 6.5  ft. 

I = 23,472  slug-ft2  S = 420  ft2 

Pm  = 357,500  ft. lb/sec.  P = .00238  slugs/ft3 

For  the  other  stability  derivatives,  we  must  take  into  account 
the  fact  that  the  reference  equilibrium  of  Ref.  24  was  level  flight  at 
Vp  = ll8.2  ft/sec  whereas  the  present  reference  equilibrium  is  descending 
flight  at  a specified  We,  Ve  and  7 . The  stability  axes  of  Ref.  24 

will  need  to  be  rotated  slightly,  about  j , in  order  to  coincide  with 

-to 

our  own  stability  axes.  Let  this  rotation  be  oa  . 


L 
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Now,  from  Ref.  23, 


Since  Ref.  24  gives 


we  conclude  that 


Cza  ~Cux  " CDe 


Cza  = -6.109/rad;  CDe  = 0.320 


(8.53) 


CLC*  = 5-789/rad 

which  is  independent  of  flight  condition.  Also,  if  we  assume  that 


then 


Now  Ref.  24  gives 


CD  = So+KCL 


CL  = 2K  CT  CT 
DQ  Le  la 


CJ«  = 0-9832/rad;  CLe  =1.576 


30  we  conclude  that,  since  (Ref.  23) 


we  must  have 


C**  = CLe  - CD 


C = 0.593/rad. 


(8.54) 

(8.55) 


(8.56) 


We  now  may  regard  (8.54)  and  (8.55)  as  two  equations  in  two 
unknowns  for  CDo  and  K,  since  we  now  know  Cno,  CT^,  Cn  , CT/V.  The  result 


De’  Le  DQ  ’ ia 


CDo  = 0.242;  K = 0.0314 


(8.57) 


From  now  on  in  this  section  the  subscript  (.)g  refers  to  our  own  equili- 
brium, not  that  of  Ref.  24. 

The  force  balance  on  the  aircraft  for  our  reference  equilibrium 
leads  to  (taking  to  to  be  a small  angle,  see  Fig.  165b), 

CLe  + CTe  = C^Cos^ 


CL  + Clr  sin?  = CL 
Te  We  e De 


We  ' e 1 

r 


(8.58) 
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where  CWe  = mg/(qeS).  Now,  in  Ref.  24  the  reference  equilibrium  is  character- 
ized by  the  thrust  vector  Tge  (where  (•)  is  a temporary  notation  for  the 
reference  equilibrium  of  Ref.  24)  being  aligned  with  Vge  (see  Fig.  165a)  and 
making  an  angle  age  with  respect  to  the  vehicle  zero  lift  line  (zii).  We  will 

assume  that  the  thrust  line  is  fixed  at  a . Also  it  is  assumed  here  that 

ee 

CLee  = % ‘ aee  <8-59a> 

In  the  case  of  the  present  reference  equilibrium  Tg  makes  an  angle  6a  with 

respect  to  Vg  (since  in  general  ag  ^ aee)  as  seen  in  Fig.  165b.  Also  it  is 


assumed  here  that 


CLe  = °Ia  ‘ ae 


From  the  geometry  of  Fig.  165  it  is  seen  that 


a = a - 6a 
ee  e 


(8.59b) 

(8.59c) 


Thus 


6a  = (cT  - CT  )/n 

v Le  Lee7'  la 


(8.59d) 


Combining  (8.59<i)  with 


+kc; 

De  Do  Le 


(8.60) 


a cubic  for  C may  be  extracted  from  (8.58): 
LG 


al  CLe  + a2  °Le  + a3  CLe  + a4  = 0 


(8.61) 


where 


®1 


= K 


a2 


-K  C_ 
nee 


a_  = CL  + CL  - C..  sin7 
3 La  Do  We  e 

al,  = -cLee  (°do  ' Cin>sinO  - C^cosrJ 


We 


La  We 


(8.62) 
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By  neglecting  the  c a term  in  the  first  of  (8.58),  we  have  the  approximate 
solution 


CT  ” CTI  cosy 
Le  We  ' e 


(8.63) 


when  (8.58)  to  (8.6l)  are  solved  along  with  (8.38)  and  (8.39)  the 


results  are  as  follows 

for  W 

Ci 

= 66  fps. 

We  = 57  fps,  7e  = 15°. 

» /w0 

1.0 

1.5 

2.0 

CLe 

4.663 

2.219 

1.257 

“CLe 

5.060 

2.234 

1.253 

CDe 

0.925 

0.397 

0.292 

CTe 

0.741 

0.145 

0.103 

6a  (rad) 

0.533 

0.111 

-0.055 

The  values  for  V /W  = 

Cr 

1 show 

that  this 

case  is  unrealistic  for  normal 

aircraft.  The  second  line  in  the  table  is  from  (8.63). 

Now  that  these  values  are  available,  we  have  C , C , C 

Le’  De’  Te’ 

and  in  addition  (from  Ref.  23  and  Fig.  165), 

CT„  = CT  + Cm  ba 
L*  Le  Te 

Cxu  = gv7!1^  " 2(CDe  ‘ CLetan7e) 


(8.64) 


Cxa  " CLe  ' CDa 
Cza  ~ *CI a “ CDe 


and  this  ''omplctes  a specification  of  the  stability  derivatives. 

We  may  now  return  to  (8.47)  and  substitute  the  subsequent 
developments  to  obtain  a set  of  first-order  linear  differential  equa- 
tions for  the  motion.  To  nondimensionalize , proceed  as  follows  (Ref.  23) 
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Au  = Au/Vg  ; A2  = Aw/Ve 


where 


t = t/t*  ; |i  = 2m/(pS  c) 
iyy  = ®Iyy/(pS  ^ 5 ? = cq/(2Ve) 

W = W/V  ; Axj=  2Ax^c  ; Ah  = 2Ah/c 


t*  = 5/(2Ve) 


Then  the  system  of  equations  may  he  written  (with  a prime  denoting 
differentiation  with  respect  to  t): 

~ /-vy 

Ax'  = A^Ax  + BrAuc+  a^AT  + jiyAW  ( 


where 


AxT  = (Au  Aa  Aq  Ae  Aoc^  Ah) 


Auc  = (At)  At r) 


a1  = (2|icos7  -2(isin7  0 0 0 0) 

r e e 


a = (0  0 0 0 

W 


0 0 


0 an-c 


0 -c 
0 


rna  yy 

0 0 


2CT„tan7  + C 
L*  e x 

-2CL  „ 


e 

-sin7 


Cxa 

0 

-°L* 

cza 

2p+C 

zq 

CT „tan7 
L* 

C 

mq 

0 

0 

1 

0 

-sin7 

e 

0 

sin7 

e 

-cos7 

e 

0 

cos7 

e 
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CT  7P 


Cz, 


cmn  cmCTV 


AW  » [W(h)  - W(he)]  / Ve 
A?  = 1#  , -siny  ® 


The  last  equation  follows  from: 


dtf  = dW  _ dh 
dt  dh  dt 


where 


W = Wg  + AW  (Wg  is  a constant) 

h = h + Ah 
e 


dW  = dAW  ( _^e  . S\ 

dt  dh  V dt  dt  / 


dh 

W dT  (to  first  order) 


but  from  Fig.  4 


— - = - V sinr 
dt  e 'e 


dW  _ dAW  , dW  dAW 
dh  ~ dh  dt  ~ dt 


dAW  dW  . 

dT  ” ‘ Ve  dK  Sln?e 


dAW  . dW 

» - siny  — 

<v  ' p ~ 
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8.2  Aircraft  Response  to  Turbulence 

To  account  for  the  influence  of  turbulence  on  the  aircraft,  we 
now  make  the  so-called  'point  approximation',  in  which  the  distribution 
of  turbulence  over  the  vehicle  is  neglected,  and  the  turbulence  components 
are  taken  as  being  approximately  uniform  over  the  vehicle.  More  faith- 
ful models  are  possible  with  a substantial  increase  in  work  (Chapter  13 
of  Ref.  5) • In  addition,  from  a longitudinal  dynamic  standpoint,  we  will 
assume  that  the  turbulence  components  parallel  to  the  plane  of  aircraft 
symmetry  are  equivalent  to  the  combined  effects  of  slight  changes  in 
airspeed  and  angle  of  attack  (Au^.  and  Ar^).  These  effects  then  produce 
aerodynamic  forces  on  the  vehicle  in  a manner  similar  to  Au  and  At.  Now: 


Au. 


-(cos7  u + sin7  w J/V 


e g 


e g' 


A2.  = (sin7  u - cos7  w )/v 


e g 


e e' 


(8.74) 

(8.75) 


Note  that  Ug(t),  w^(t)  are  conponents  of  the  gust  vector  in 


As  a first  approximation  modify  (8.66)  to  include  turbulence  as 


follows: 


where 


A^'  = Apioc  + + ar  AT  + ^ AW  + Ag  G 


G1  = (Au.  AT. ) 


(8.76) 

(8.77) 


/ -2CTJ,tan7  + C 
/ L*  e xu 


-2C 

0 

0 

0 

0 


L* 


za 


(8.78) 


Note  that  the  effects  of  (A'u'  At!)  have  been  omitted  from  this  preliminary 


analysis . 
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To  isolate  the  individual  derivatives  Au* , Aa',  etc.,  on  the 
left  side,  we  premultiply  (8.76)  by  obtaining 

Ax’  = A Ax  + B Au  + aAT+bAW  + BG  (8.79) 

— — — — c — c — — — g—  ' ' 

where 

ic  a £ V - 41  (*r  4 2r  V f8-8®) 

To  conplete  the  specification  of  (8.79) » it  is  necessary  to 

say  something  about  the  control  Aia^ . For  an  actual  aircraft,  this  control 

would  be  exercised  by  a pilot  or  an  autopilot.  Both  of  these  are  beyond  the 

scope  of  this  report,  and  we  shall  instead  assume  a preprogrammed  set  of 

control  deflections  that,  in  the  absence  of  turbulence,  maintains  a specified 

reference  trajectory.  Note  that  with  this  approach  to  the  problem  Au  acts 

—c 

as  an  independent  external  input  to  the  system  of  equations  (as  do  AT,  Aw, 
and  G)  unlike  the  case  where  an  autopilot  or  pilot  is  acting  in  a continuous 
closed-loop  manner.  As  a result,  the  dynamical  properties  of  the  system 
are  represented  by  A (a  function  of  the  reference  equilibrium  only)  and  the 
response  to  turbulence  can  be  found  as  perturbations  about  the  reference 
equilibrium  (rather  than  the  more  general  case  requiring  perturbations  about 
the  reference  trajectory).  This  effect  is  the  result  of  representing  the 
reference  trajectory  as  a perturbation  about  the  reference  equilibrium  trajectory. 
The  response  of  the  linear  system  of  (8.79)  bo  the  prescribed  forcing  functions 
(Au^,  AT,  Aw  and  G)  can  be  represented  by  the  sum  of  the  response  to  turbulence 
alone  (all  other  inputs  set  to  zero)  and  the  response  to  the  remaining  inputs 
with  the  turbulence  input  set  to  zero.  The  deviations  Ak  in  (8.79)  are 
accordingly  broken  into  two  contributions,  viz., 

Ax  = A^x  + ^ (8.8l) 
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Here  A x represents  the  deviations  of  the  reference  trajectory  from  the 
reference  equilibrium: 


x = x + A x 

— r — e r— 


(8.82) 


and  y represents  the  additional  deviations  about  the  reference  equilibrium 
due  to  turbulence.  With  these  definitions,  (8.79)  is  also  split  into  two  parts 
as  follows: 


Ax’  = AAx  + B Au  + a AT+  b AW 


y'  = A y + B G 


(3.83) 

(8.84) 


and  the  effects  of  wind  shear  and  turbulence  can  be  studied  independently. 

It  is  interesting  to  note  that  it  can  be  shown  that  the  approximate 
response  computed  from  (8.84)  represents  exactly  (under  the  present  assump- 
tions) the  state  vector  (AUg  AaE  Aq  A9  Ax^  Ah)  for  the  case  where  the 
vehicle  stability  derivatives  are  as  given  in  Section  8.1.5  for  Wg  ^ 0 but 
with  Wo  tahen  to  be  zero  in  the  linearized  equations  of  motion,  where 

< = (Aue  Ave  Awe} 

B 

a“e  “AVTe 


"e  *AVve 
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Section  IX 


AIRCRAFT  LANDING  APPROACH  RESULTS  ( LONGITUDE AL) 

As  mentioned  above,  an  investigation  of  the  landing  control 

system  (e.g.,  pilot  or  autopilot)  is  beyond  the  scope  of  this  report. 

Nevertheless,  this  subject  is  addressed  below  in  a preliminary  manner, 

after  which  this  Section  is  concluded  with  some  typical  numerical  results 

T 

on  the  dispersion  matrix,  < j y > , for  the  aircraft  characterized  in 
Section  8.1.5  based  on  the  44"  x 66"  tunnel  measurements  of  Since  the 
tunnel  data  do  not  exist  above  a full  scale  height  of  694.4’  it  is 
convenient  to  assume  that  the  aircraft  does  not  encounter  wind  shear  or 
turbulence  above  this  altitude. 

9.1  Characteristic  Modes 

In  Ref.  24,  the  reference  equilibrium  was  level  flight  at 
118.2  ft/sec,  and  the  short-period  (SP)  and  phugoid  (Ph)  modal  charac- 
teristics (natural  frequency  and  damping  ratio)  were  given  as: 


SP 

1.757 

rad/sec; 

II 

& 

0.654 

Ph 

0.319 

rad/sec; 

i rr 
II 

0.219 

As  a mutual  check,  our  cwn  program  (see  Appendix  G)  gave  the  following 
values  for  the  same  conditions: 

= 1.757  rad/sec;  £sp  = 0.654 
UPh  = °*323  rad/sec;  £ph  = 0.135 

Since  the  purpose  in  using  the  data  of  Ref.  24  was  to  define  a representa- 
tive STOL  aircraft,  and  not  to  reproduce  their  results  per  se,  the  slight 
anomaly  in  the  phugoid  damping  ratio  was  not  considered  important. 

For  the  landing  path  reference  equilibrium  described  earlier 
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in  Section  8.1.5  (with  Wg  = 57  fps  and  W = 66  fps)  the  same  program  gave 
the  following  results: 


VWG 

CO  _ 

SP 

^SP 

CO 

Ph 

^Ph 

2.0 

1.954 

0.651 

0.290 

0.204 

1.5 

1.470 

0.655 

0.388 

0.132 

1.0 

1.021 

0.669 

0.552 

0.073 

Thus  ft  is  seen  that  the  phugoid  damping  is  significantly  reduced  and 

that  the  separation  between  the  periods  of  the  two  modes  is  reduced 

as  V /W  becomes  smaller. 

6 G 

9.2  Control  During  Landing 

Referring  to  the  discussion  following  (8.8o),  it  is 
recalled  that  the  reference  flight  path  from  h down  to  h^  is  considered 
to  be  controlled  in  some  specified  manner.  The  first  attempt  at  this 
assumed  that: 


(i)  the  airspeed  is  constant  = Ve 

(ii)  the  flight  path  is  rectilinear  at  an  angle  y„ 

E i 

below  the  horizon . 

i 

It  can  be  shown  that  the  consequence  of  these  assumptions  for  the 
perturbations  A x is  that 


A u = 0 

r 


(9.1) 


A 7 = A a - A 0 = - k A w 
r ' r r e 


(9.2) 


where 

k _ SlnyE 
e cos(7E-7e) 


(9-3) 
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The  conditions  (9-1)  and  (9*2)  can  conceptually  be  realized  by  suitably 
choosing  At)  and  A tt  along  the  trajectory.  Unfortunately,  this  speci- 
fication leads  to  an  unstable  system.  Even  a less  ambitious  specifi- 
cation namely,  choosing  At)  to  keep  the  aircraft  precisely  on  the  glide 
slope  is  unstable. 

It  is  felt  that  these  problems  represent  a limiting  effect  similar  to  setting 
the  gain  too  high  in  a feedback  control  loop.  Based  on  this,  the  approach 
outlined  below  was  followed. 

More  practical  control  strategies  could  be  selected 
that  would  lead  both  to  a stable  system,  and  to  a satisfaction  of  the 
conditions  (9.1)  and  (9.2)  to  within  a reasonable  tolerance.  To  place 
the  effects  of  such  control  in  perspective,  it  should  be  noted  that, 
for  our  example  aircraft,  if  no  control  were  exercised  at  all  the 
perturbations  at  a decision  height  of  69  ft  (with  Vg  = 2W„ , W = 57  fps 

= 66  fps,  a wind  power  law  index  of  0.l6  and  zero  initial  conditions)  are: 


Au  = 

-2 

ft/sec; 

Aq  = 

-5.2  x 10  3 rad/sec; 

Aa  = 

2 x 10  3 rad; 

A0  = 

-3.5  x 10  2 rad; 

£ 

M 

II 

19 

ft 

Ah  = 

-55  ft. 

The  reference  path  results  were  obtained  with  the  aid  of  a variable- 
step-size  predictor /corrector  numerical  integration  algorithm  (see 
Appendix  G) . The  resulting  deviations  from  the  reference  equilibrium 
glide  slope  are  shown  in  Fig.  166.  It  is  seen  that  for  the  case 
At)  = Am  = 0 the  aircraft  diverges  below  the  desired  glide  path  as 
the  landing  approach  continues. 

In  an  attenpt  to  inprove  on  this  glide  slope  performance 
a sirrple  control  algorithm  was  implemented  whereby 

At)  = - .05  (Ah  + 10  Ah  ) 

Am  = 2AW 
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The  results  for  this  case  are  also  shown  in  Fig.  lbb  where  it  is  seen 
that  quite  precise  glide  slope  tracking  is  achieved  down  to  h = 200' . 
Below  this  height  its  performance  degrades  somewhat.  Wo  attempt  was 
made  to  optimize  this  control  law.  It  will  be  assumed  that  the  re- 
sulting time  histories  for  At]  and  Am  are  implemented  in  an  open- 
loop  fashion  once  they  are  determined. 

9*3  Dispersions  Caused  by  Turbulence 

At  any  time  t during  the  landing,  perturbations  in  the 
various  state  variables  have  a zero  ensemble  average.  Their  ensemble 
mean  squares  and  ensemble  mean  products  are  nonzero,  however,  and  are 
given  by  repeated  here  for  convenience: 


£(t)  = < y(t)  yT(t)  > = H(t,t  )(R(t  ,t  ) H^t.t  )dt  dt  (9.4) 

“ “ “ 212 


where  £(t)  is  called  the  dispersion  matrix.  In  this  section,  y will 


consist  of  dimensional  variables: 


y (t)  = (Au  Aa  Aq  A8  Ax^  Ah) 


where 


y = /A  y + te  Gg, 


(9.5a) 


(9.5b) 


and  the  turbulence  is  represented  by 


2p  = (u  w) 


(9-5c) 


and  thus  the  H matrix  is  expressed  as  (from  Section  3*1  and  (8.84)) 


H(t,T)  = exp[(t--r)  ft]  |B 


where  /A  and  |B  are  the  dimensionalized  counterparts  of  A and  B defined  by 


(8.80).  In  fact, 


— ! S A s'1 
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where 


,B  = ( 

• 2V  \ . 

— - ) S B S -1 

. S J s 

(9.8) 

S = diag 

{ve,  1, 

(2 Ve/5),  1,  (5/2), 

(5/2)} 

(9.9) 

<A“ 

1 

H 

II 

1 -cos7e/Ve 

1 sinVVe 

-sin7e/ve 

-cosVVe 

T 

(9.10) 

T = 

|-1  0 
1 0 -1! 

(9.11) 

The  matrix  S contains  the  scale  factors  that  convert  from  dimensionless 

to  dimensional  variables;  S does  likewise  and,  additionally,  converts 

§ 

the  dimensional  turbulence  inputs  from  wind  tunnel  frame  (%)  components 
into  the  nondimensional  airspeed  and  angle  of  attack  perturbations 
(Au  ZCG  ) . (dimensional)  comes  from  the  44"  x 66"  tunnel  measurements 


of  Section  6.3.2  and  thus  has  its  turbulence  components  expressed  in ^ 
There  can  be  several  approaches  to  the  evaluation  of  the  right 
side  of  (9.4).  One  possibility  is  described  in  Appendix  F and  G,  and 
the  numerical  results  below  were  calculated  in  that  manner.  The  results 
were  also  checked  using  a somewhat  cruder  approximation  in  which  the 
integrand  in  the  double  integration  was  approximated  by  a piece-wise 
constant  surface.  This  gave  an  order-tof-magnitude  corroboration  of 
the  results. 

For  V = 2W  and  W = 57  fps,  the  value  of  the  dispersion 
matrix  2(t)  is  shown  in  Table  10  at  ten  equal  time  intervals  along  the 


landing  approach  path  from  h.  = 694  ft  down  to  h = 69  ft.  The  final 

a a 
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root-mean -^square  values  of  AuE  Aig  Aq,  A0,  Ak].  and  Ah  are,  respectively 
9-8  fps,  0.07  radians,  0.11  radians/sec.,  0.08  radians,  80  ft.,  and  47  ft. 
Since  the  aircraft  is  stable  with  respect  to  the  first  four  variables, 
one  would  expect  a steady- state  variance  to  be  reached,  if  the  input 
were  at  a constant  level.  In  the  present  instance,  however,  the  r.m.s. 
of  the  turbulence  increases  along  the  flight  path  and  so  the  mean- square 
response  to  it  likewise  continues  to 'grow.  With  respect  to  the  variables 
AXj  and  Ah,  for  which  no  stabilizing  feedback  has  been  provided  (see  8.84), 
one  would  expect  their  variances  to  continue  to  grow  with  time  even  if 
the  turbulence  intensity  were  uniform.  An  analogy  to  the  ’random  walk 
problem’  may  be  helpful  here  for  which  it  is  known  that  the  variance 
in  position  grows  with  time.  This  time  dependence  is  illustrated  in 
Fig.  167. 

Table  11  shows  the  final  value  of  L (i.e.,  the  value  at  69  ft) 
when  V„  = 1.5  W_.  The  variances  are  generally  larger  than  for  V = 2W_ . 

G Cjt  G G 

One  factor  in  this  increase  for  the  cases  of  Ax^.  and  Ah  is  simply  that 
the  aircraft  has  been  influenced  by  turbulence  for  a longer  duration 
(namely  56  seconds  as  compared  to  32  seconds) . Also  this  trend  is 
consistent  with  the  substantial  reduction  in  the  phugoid  damping  ratio 
noted  earlier  (Section  9-1) • 

The  total  longitudinal  response  of  the  aircraft  is  thus  made 
up  of  the  reference  trajectory  of  Section  9*2  and  the  response  to 
turbulence  found  above.  A similar  analysis  could  be  carried  out  for  the 
lateral  response. 
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Section  X 


CONCLUSIONS  AND  RECOMMENDATIONS 

10 .1  Conclusions 

1.  The  fixed  probe  theory  allows  the  determination  of  the  dispersion  of 
an  aircraft's  state  variables  by  using  two-point  time/space  cross- 
correlations among  the  turbulence  velocity  components . The  moving 
probe  technique  requires  many  replicates  to  produce  such  data,  but 
also  gives  additional  information  concerning  the  distribution  function 
of  the  dispersions  and  individual  response  time  histories.  Due  to 
the  mechanical  complexity  of  the  moving  probe  technique  the  fixed 
probe  approach  seems  to  be  the  more  practical  one. 

2.  The  UTIAS  boundary  layer  tunnels  can  successfully  simulate  planetary 
boundary  layer  flow  through  the  use  of  a jet  grid,  bluff  barrier,  and 
floor  roughness. 

3.  When  flight  path  correlations  were  measured  in  the  two  tunnels  the 
following  conclusions  were  drawn: 

(3.1)  The  effects  of  inhomogeneity  was  most  noticeable  towards  the 
bottom  of  the  boundary  layer.  These  effects  were  most  apparent  in  the 
8"  x 8"  tunnel  results. 

(3.2)  Much  of  the  nondimensional  correlation  data  produced  in  the 
44 "x  66"  tunnel  could  be  reasonably  represented  by  a single  curve. 
(3*3)  Attempts  at  fitting  a modified  von  Karman  model  to  the  results 
from  the  44"  x 66"  tunnel  met  with  reasonable  success.  The  use  of 
such  models  could  greatly  reduce  the  number  of  measurements  required 
when  applying  the  fixed  probe  technique. 

10.2  Recommendations 

1.  Further  work  is  required  in  order  to  assess  the  duplications  involved 
in  representing  the  effects  of  turbulence  as  a perturbation  about  the 
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perturbed  path  due  to  wind  shear. 

/ / 

2.  The  modified  von  Karman  turbulence  model  should  be  tested  in  the 
analysis  program  in  order  to  assess  its  utility  in  this  application. 

3.  Results  from  the  fixed  probe  theory  should  be  compared  with  other  more 
approximate  approaches  for  predicting  aircraft  response  in  order  to 
determine  their  relative  merits. 

4.  The  work  reported  in  this  report  should  be  repeated  for  a range  of 
wind  profiles  and  including  the  effects  of  man-made  structures  near 
the  airport . 


k 


w 
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APPENDIX  A 

TURBULENCE  DEFINITIONS 

A detailed  discussion  of  turbulence  theory  and  definitions  is  given 
in  Ref.  2p.  The  brief  descriptions  and  definitions  given  below  are  taken  from 
Ref.  10. 

( a)  Correlations 

A one- dimensional  correlation  of  two  functions  of  three  variables 
is  defined  as 


B 

Rf  f (x1,y1,z1)  - g_^  m gg  J 1 •]_( 0 ,0 ,z)  f 2^xi ,'^i ,zi  + z)&z 

12  -B 

where  x^,  y^,  z^  are  constants  which  separate  the  arguments  of  the  two  functions, 
and  z is  the  variable  with  respect  to  which  the  product  is  being  averaged.  The 
operation 


iim  i_  r 

B-»  2B 


dz 


-B 


is  the  averaging  operation.  In  this  report  the  averaging  process  will  be  done 
with  respect  to  time  only.  Therefore  the  superscripts  on  the  correlation 
may  be  dropped  as  it  will  be  understood  that  these  are  one-dimensional  correla- 
tions with  respect  to  time.  For  convenience  we  can  define 

T 

fpdOyt)  = ^ ± J fl(t)f2(t)dt 

-T 

In  this  report,  the  functions  of  interest  are  the  velocities  u,  v, 
w.  These  are  functions  of  the  four  variables,  x,  y,  z,  t. 

The  argument  of  the  correlation  function  defines  the  separation  in  space 
and  time  of  the  two  velocity  functions.  Therefore 


R^yC  u(0,0,0,t)v(x^,y^,z^,  t+T^) 


Xl’yl’zl,Tl  are  consfcantS. 

For  convenience,  any  zeroes  in  the  correlation  argument  are  dropped  thus: 


etc . 


R (t)  = 
uvv  ' 


R (0,0, 0,t) 

uv 


The  correlation  Ruv(Tp)  is  a single  value  while  R (t)  is  a function 
of  the  variable  t.  Likewise,  R^v(x)  is  a function  of  the  variable  x where  x is 
the  separation  in  the  x-direction. 


One  property  of  the  correlation  function  that  is  useful  is 


Ruv(°)  = u(t)  v(t) 

or 

""" 

Ruu(0)  = u(t)  u(t)  = u(t)  = the  mean  square  value. 

The  correlations  R..(t)  are  known  as  autocorrelations.  The  correlations  R.  .(t) 
11  ' 

are  known  as  cross-correlations. 

(b)  Scales 

/CO 

R..(x)  dx 
o 


Rii(y)  dy 


lz 

1 


R. . (z)  dz 

li v 


Ti  SJ  dT 

o 

The  first  three  scales  have  the  dimensions  of  length.  These  scales 
are  the  area  under  the  appropriate  correlation  functions.  If  there  is  a high 
correlation  at  large  separations,  then  the  scale  will  be  large,  indicating  that 
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the  size  of  the  turbulent  eddies  in  the  flow  must  be  fairly  large  since  there 
is  very  slight  correlation  between  eddies.  In  this  manner  the  length  scales 
are  a measure  of  the  size  of  the  turbulence. 

The  last  scale  has  the  dimension  of  time  and  represents  a characteristic 
time  inherent  in  the  flow. 

(c)  Power  Spectral  Densities 

Another  use  of  the  correlation  function  is  to  obtain  spectral  informa- 
tion. The  one-dimensional  power  spectral  density  is  defined  as  the  Fourier 
transform  of  the  one-dimensional  correlation  function.  Multidimensional  spectral 
densities  are  Fourier  transforms  of  multidimensional  correlation  functions.  The 
one -dimensional  spectral  density  is  the  only  one  of  interest  here. 


W H 2J  Vx)  e 


-j27fk  x 


W e 2 J Rij(y)  e 


-j27fo  y 


2 J Rij(z)  e 


- j27?k  z 


p 00  -j277fT 

>M(f)  *2J  VT><!  iT 


>i0(k)  -if"  Blj(T)e 


-J2vkUr 


where  k is  the  reduced  frequency  f/U  and  k ,k^  ,k^  are  wave  numbers  corresponding 

x y z 

to  the  x,y,z  directions. 

(d)  Taylor's  ilypothesis 


This  is  the  assumption  that  the  flow’s  turbulent  velocity  structure  is 
fixed  in  time  when  viewed  from  a reference  frame  moving  at  the  mean  flow  speed 
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U while  the  changes  in  velocity  at  a fixed  measurement  point  are  caused  by  the 
convection  of  this  "frozen"  flow  past  the  measurement  point  at  the  mean  velocity. 
This  asstuqption  is  a good  one  if  U » u,v,w.  It  allows  us  to  substitute  time 
separation  in  correlations  for  spatial  separation  in  the  x direction.  Thus  we 


where 


R.  .(x- ) = R . . (t  ) 
u'  r ji'  l' 


X1  = U T1 


L*  = 0 
1 


R.  . ( t)  dT 
li'  ' 


$,,(k  ) = 2U  R„(t)  e 


-j2wk  Ur 


ij  x 


and  from  the  equation  for  $ (k) 

id 


®iA>  ‘ 0 Vk) 


(e)  Spectral  Peak  Method  of  Estimating  L 

If  we  assume  that  the  von  Karman  model  for  power  spectral  density  holds 


then  (Ref  .10) 


k 4>  (k  ) Ula  k 

x uu'  x'  u x 


[1  + 70.7(L*  kx)"]' 


k * (k  ) 4k  L (1  + 188.4(2LX  k )*} 
x wwv  x x wk  v w x J 


[1  + 70.7(21/;  k )2]U  1G 


By  differentiating  the  right  hand  sides  with  respect  to  k and  equating  i t to  zero 
to  find  the  location  of  the  peak  value,  we  get 
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.146 


xpu  X 
Jj 


for  u 


.106 


xpw 


for  w 


. . Tx  .lk6  , 

This  gives  L = -r and  L. 

U 1C 


xpu 


w k 


.106 

‘xpw 


Since  frozen  flow  is  an  underlying  assumption  in  the  von  Karman  model  then 


$..(k  ) = U <D..(k) 
11  x'  nv  ' 


(see  item  (d)  above)).  Thus  the  scale  LX  can  be  determined 

k=k  u 

x 


from  the  peak  position  of  the  k<t^(k)/u  vs  kz  plot,  etc. 
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APPENDIX  B 


POWER  SPECTRAL  DENSITY  ESTIMATION 


The  power  spectral  density  measurements  presented  in  this  report  were 
found  by  Fourier  transforming  correlation  estimates  produced  by  a PAR  Model  100 
correlator.  In  the  case  of  the  8"  x 8"  tunnel  data  the  transformation  was 
carried  out  on  an  off-line  IBM  1130  computer.  In  the  case  of  the  44"  x 66" 
tunnel  data  an  on-line  HP  2100A  computer  was  employed.  Both  machines  implemented 
the  same  algorithms.  The  details  of  the  theory  behind  these  estimates  is 
contained  in  Appendix  B of  Ref.  l6. 

In  general  terms  the  signals 

representing  the  fluctuating  turbulence  velocities  were  produced  by  DISA  hot 
wire  equipment.  The  d.c.  levels  were  removed  by  passing  the  signals  through 
first  order  high  pass  filters  patched  on  a general  purpose  analog  computer. 

These  were  then  processed  on  a PAR  Model  100  correlator  (in  some  cases  after 
passing  through  a low  pass  filter)  and  these  correlation  estimates  used 
as  input  to  the  digital  computer.  Fourier  transformation  of  the  data  then 
resulted  in  power  spectral  density  estimates.  This  digital  program  included 
a Hanning  window  subroutine  to  improve  side  lobe  performance. 

To  avoid  aliasing  problems  the  time  delay  increment  At  selected 
for  the  PAR  correlator  on  any  one  run  was  chosen  small  enough  to  ensure  that 


2it  -> 

- — > + to,. 

At  H B 


(B.l) 


where  w is  the  frequency  (rad/sec)  above  which  no  significant  power  exists  in 

D 

the  signal  being  examined,  and  to  is  the  highest  frequency  at  which  a power 

H 

estimate  is  desired.  In  our  work  iou  was  taken  to  be  7t/2At,  or  one  half  the 

H 

Nyquist  frequency. 
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The  frequency  resolution  of  this  process  is  approximately  , where 

for  the  PAR  correlator  Tmax=  100  At.  Thus  the  lowest  frequency  estimate  was 
typically  at  tt/t  rad/sec .Thus  some  aliasing  problems  can  arise  if  very  low 

m£LX 

frequency  estimates  are  required  since  this  requires  a large  At.  In  such 
cases  a fourth-order  Butterworth  filter  was  used  as  a low-pass  filter  upstream 
of  the  PAR  correlator  with  its  cutoff  frequency  set  to  tt/At  rad/sec.  This 
effectively  reduces  w to  tt/At  and  thus  inequality  (B-l)  is  satisfied.  The 

D 

filter  characteristics  are  such  that  a negligible  influence  is  felt  at 

frequencies  below  u . 

H 

The  only  other  filter  in  the  circuit  (the  dc  removal  high  pass  filter) 
has  its  break  frequency  located  well  below  the  lowest  frequency  of  interest 
in  the  velocity  signals  and  thus  has  no  influence  on  the  measured  power  spectrum. 

The  spectral  data  presented  in  this  report  for  the  8"  x 8"  tunnel 
runs  were  obtained  from  single  100  sec  records  processed  by  the  PAR  correlator. 

In  the  case  of  the  44"  x 66"  tunnel  runs,  5 estimates  were  obtained  in  the  above 
manner.  Their  mean  and  standard  deviations  are  plotted  on  the  graphs  of  power 
ep-c  jtral  density.  All  these  data  are  presented  as  one-sided  spectra. 


APPENDIX  C 


STATISTICAL  VARIABILITY  OF  R MEASUREMENTS 

xx  


In  the  idealized  case  of  white  noise  passed  through  a perfect  low 
pass  filter  of  bandwidth  B(i.e.,  no  output  signal  power  beyond  B and  a flat 
power  spectrum  below  B)  Reference  lU  indicates  that  for  finite  time  records: 


R-v 


^ (R2  (t)  + R2  (0)) 

2BT  xx  xx  ' 


where  T is  the  record  length  of  the  signal  x(t).  Thus  as  T + 0 
2 

Rv 

■2 


(0) 


O'  ■ 


R 


BT 


xx 


For  our  data  R^x  generally  decreases  in  magnitude  as  t ■*  large  values.  Thus 

for  T large  R (0)  >>  R (x)  and 
D xx  xx 


<r 


xx 


4(0) 

2BT 


, independent  of  x. 


This  effect  is  illustrated  in  Fig.  123  where  the  results  obtained  from  five  mea- 
surements of  raw  R (x)  data  were  used  to  estimate  the  standard  deviation.  These 
uu 

data  were  obtained  from  the  PAR  correlator  with  x set  at  0.20  sec.  The  in- 
max 

crease  in  O'  is  clearly  seen  for  x -*■  0 as  is  the  fairly  constant  value  of  O'  for 

fv  p / ^ \ p ^ j 

X large.  Now  when  normalized  data  are  used  (e.g.,  R = xx  = xx  ■,  ..  . 

xx  — r ToTJ 

XX  XX 

forces  the  variance  at  x = 0 to  become  zero  and  modifies  the  variance  at  other 


values  of  x as  well.  However  one  would  expect  the  influence  of  this  modifica- 
tion to  die  out  as  x became  large.  This  effect  can  be  seen  in  the  data  of  Figs. 
121  and  122  to  some  extent . 
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APPENDIX  D 


THE  INFLUENCE  OF  FILTERS  ON  CORRELATION  ESTIMATES 


In  general,  if  a signal  x(t)  is  filtered  by  a linear  network  F(jw) 
prior  to  processing  by  a correlation  algorithm  such  that 

y = F(s)  x (D.l) 

represents  the  output  signal  y(t)  (where  here  x represents  the  Laplace  Transform 
of  x(t)  and  s is  the  Laplace  Transform  variable)  then  from  linear  theory 

0yy(w)  = |F(jw)  I2  0xx(w)  (D .2) 

Thus  the  estimate  R (t)  of  the  desired  underlying  correlation  R (t)  is  given 


Ryy(T)  =J  0yy(“)eJ“Tdo  = I 0^(0))  If(Jco)  |2  eJUT  du>  (D.3) 


0 (w ) = i-  R (T)e'^WTdT 
xxv  ' 2ir,  xxv  ' 


Ryy(T)  ~2rr  j Rxx(v)e'J'°JVe,]'aJTdv  dw 


changing  the  order  of  integration 


VT>  “ ® J J |r(» IV'^E^v)  d»  dv 


-J  G(T-v)  Bxx(v)  dv 


o(T)*  R^t) 


where 


G(t)  = — |F(ju)  I2  eja)T  dw 
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And  in  general,  if 


0 (u)  = H(j w)0  (w) 

yy  ' xx 


R (t)  = g(t )*  R (t) 
yy  xxv  ' 


where 


G(t)  = ±-  H(ju)ed  dw 


(D.9) 


(D.10) 


Now  consider  the  case  of  our  dc  removal  circuits.  The  output  of  a first  order 
low  pass  filter  is  subtracted  from  its  input  signal  to  remove  the  dc  corponent. 
Let  the  low  pass  filter  be  represented  by  LP(jw).  Thus  the  processed  signal 
o(t)  is  related  to  the  original  signal  i(t)  by 


where 


o=I-  LP(s)  I 


LP(s)  = Ti 


(D.ll) 


(D.l-2) 


from  the  theory  of  power  spectral  densities  it  follows  that 

*oo<“>  = *ii(u)  + Mj“)l\(u)  - LP(jw)0  (to)  - LP’t(t]w)0ii(w) 


= 0ijL(m)  + (LP(ju)  |20ii(w)  - 2Re(LP(jw)}0ii(w) 


(D.13) 


R (t)  = R..(t)  + G(t)*  R. . (t) 

OOv  7 11 v 7 v 7 11  7 


where 


(D.14) 


G(T)  = ^ J” |LP(jw)|2  - 2Re(LP(jw)|;'-lWTdm  (D.15) 


Now  from  (D.12) 


Lp(»  - 1 i ■ Tpjfi 


(d.i6) 


|LP(jw) 


12  _ 1 


1 + w2!2 


(D.17) 
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2 


(D.18) 


thus 


and 


Thus 


2R  {LP(jw)]  = 

1 + U2^2 


|LP(  jw)  \2  - 2R  (LP(joi))  = — 

6 1 + 


PUT 

e '■ 


1 + u2t2 

- I T I /T 


dw 


R (t)  = R. . (t) 
oo'  ' nv  ' 


- I T I /T 
e ' 

2T 


l*R.  .(t) 

li  ' 


(D.19) 


(D  .20) 
(D.21) 


Based  on  full  scale  filter  time  constant  values  of  T = 4285  sec.  for  the  8"  x 8" 
tunnel  and 'T  = 6052  sec.  for  the  44"  x 66"  tunnel  and  Rqo(t)  with  a first  zero 
crossing  at  roughly  20  sec.  (see  Fig.  122)  it  can  be  seen  that  the  contribution 
from  the  convolution  of  (D.2l)  is  negligible,  that  is,  typically  less  than 
l/T  times  the  area  under  R..(t)  between  t = 0 and  t = 20  sec. 
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APPENDIX  E 


VON  KARMAN  MODEL  FOR  TURBULENCE  CORRELATIONS 


A reasonable  model  for  describing  turbulence  in  clear  air  at  altitudes 
from  below  5000  to  40,000  ft.  is  one  assuming  isotropic,  homogeneous,  Gaussian, 
and  frozen  flow.  If  the  von  Karman  model  is  used  to  describe  the  power  spectral 
densities  of  the  flow  then  the  following  function  can  be  shown  to  represent 
the  correlation  among  the  various  turbulence  corponents  (see,  for  exanple, 

Ref.  5). 

~ I . I . 

^$1,62,63)  = [f(0  - 6(C)]  + g(5)641  (E.l) 

IT  |2 

where:  i or  j = 1 represents  the  x direction 

i or  j = 2 represents  the  y direction 

i or  j = 3 represents  the  z direction 

R.  .(11,62,63)  represents  the  correlation  between  the  i^*  turbulent 

component  at  (x,y,z)  and  the  j*'*1  turbulent  component 
at  (x  + 61,  y + 62,  z +53),  e.g.,  R12  s Rm>.  Note 
that  no  time  delay  is  present  due  to  the  assumption 
of  frozen  flow. 

5.  . is  the  Kronecker  delta 

^ J 

5 = A2  + tz  + t2 

VI  2 3 

f(£)  and.  g(£)  are,  respectively,  the  longitudinal  and  lateral 

/ / 

correlation  coefficients;  for  the  von  Karman  model 


these  are  given  by 

22/3  1/3 

~ r(l/3)  ^ ki/3  ^ 

2 / 3 

&U)  = rfl7IT  ?1/3^ki/3(?)  ' \ 5 K2/3(^ 
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1.339  Lu 
r(i/3)  = 2.6789 

K = modified  Bessel  function  of  the 

second  kind. 

In  order  to  apply  this  model  to  situations  where  time  domain  measurements  are 
taken  and  time  delays  included,  use  is  made  of  the  frozen  flow  assumption.  If 
the  axes  are  so  oriented  that  the  mean  flow  is  in  the  positive  x direction 
(u)  then  !i  must  be  replaced  by  (Ax  - U • t)  where  t is  the  time  delay  applied 
to  the  measurement  at  (x,y,z).  Here  Ax  represents  the  probe  separation  in 
the  x direction  and  it  follows  the  same  sign  convention  as  li. 

The  model  of  (E.l)  was  programmed  on  a digital  conputer  and  use 
made  of  the  frozen  flow  assunption  in  generating  JR  data  corresponding  to  the 
probe  separations  and  time  delays  incorporated  in  the  present  study.  Figure  128 
is  a plot  of  f(0  and  g(£)  as  generated  by  this  program.  It  is  seen  from 
(E.l)  that  the  following  hold: 


R . . = 0 for  i 4 i and  one  of  £ . , 5 . = 0 
ij  r i*  J 

R.  H = g(C)  for  i = j and  |.  = 0 

R.  . = f(£)  for  i = j and  |2  = 5? 

• u 3* 

In  the  present  case  of  measurements  made  along  a glide  slope  aligned  with  the 
mean  wind,  I2  = 0 and  hence  this  theory  predicts 


APPENDIX  F 


EVALUATION  OF  STATE  DISPERSION  MATRIX 


We  begin  with  the  notation 


Z(t)  A < y(t)yT( t)  > 


(F.l) 


where  if(t)  is  the  state  response  to  turbulence,  as  governed,  by  Eq.  (8.84). 
From  Eq.  (3.14)  we  have 

£(t)  = J J H(t,tx)  ®(ti,t£)lf(t,t£)dtidtE  (F.2) 

o o 

Our  first  task  is  to  take  advantage  of  the  fact  that  the  symmetry  condition 
(3.12) 

®(ti,t£)  = ©T(t2,ti)  (F.3) 


exists;  in  fact,  only  © values  for  t2  > ti  were  measured  in  the  wind-tunnel. 
Thus,  for  Eq.  (F.2),  we  can  write 


E(t) 


PP 

ti=0  t2=0 


( •)dtidt2  + / 


( *)d.tidt2 


ti=0  t2=ti 


(F.4) 


and  we  use  (F  .3)  in  the  first  term.  After  reversing  the  roles  of  ti  and 
t2  and  changing  the  order  of  integration  in  the  first  term,  and  defining 


Eq,.  (F.4)  becomes 


t = ti 

CT  = t2  - tl 


t-T 

J(  t,T  ,cr) dcr  dT 


(F-5) 


(F.6) 
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where 


J(t>Tjcr)  = H(t,-r)  ®(t,t-kj)hT(  t ,t+ct) 

+ H(t,T-Ki)  ©T(T,T+c)HT(t,T)  (F.7) 


T T 

Note  that  since  J = J,  then  2 = 2 as  should  be. 

There  are  many  possible  approaches  to  the  double  integration  in 
(F .6) . A complicating  factor  is  that  the  integrand  depends  explicitly  on 
t.  A second  source  of  complexity  is  that  the  experimental  data  for  CR 
are  not  available  in  a uniform  grid.  In  an  attempt  to  circumvent  these 
difficulties  to  some  extent,  the  following  procedure  was  enployed,  in  which 
a differential  equation  for  2 was  formulated.  Denoting, 


£.(t,T)  =J 

o 


t-T 

j(t,T,°-)do- 


(F.8) 


we  can  differentiate 


(F.9) 


by  Leibnitz's  Rule  to  obtain 


2(t) 


T)dT  + J-(t,t) 


(f  .10) 


o 

where  the  overdot  indicates  a partial  differentiation  with  respect  to  t. 
However,  from  (F.8), 


£(t,t)  = 0 


(F.ll) 


and 


t-T . 


Ht,T)  = J(t,T,(T)dO-  + j(t,T,t-T) 


( F . 12 ) 
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Since 


we  have 


H(t,T'  - exp[#V(  t-T)  ] lE 


,T 


£(t,T,t-T)  exp[ft(t-r)]  j_q^(T,t)  fc 

+ jE  <kl(  I ,t)  B1’  exp[fr(t-T)] 


and  it  may  similarly  be  shown  that 


j(t,T,Cj)  = ia  j(t,T,CT)  + J(t,x,a)  /A 


Thus  (F.12)  becomes 


£(t,-r)  =/A9l(t,T)  +$_(t,T)  /A1  +j(t,T,t-T) 

where  J may  be  regarded  as  the  "source"  term,  and  is  given  by  (F, 
Substituting  (F.l6)  into  (F.10)  yields 

£(t)  = A £(  t)  + £(t)  +J  j(t,T,t-T)iT 

o 

Alternatively,  replacing  t-T  by  u,  we  may  rewrite  (F.17)  as 
2(t)  =/AZ(t)  + Z(t)  AT  + J j(t,t-cr,o)du 

o 

where 

j(t,t-cr,cr)  = exp[/A  tr]  IB<R(t-u,t)  B1  + IB  ®T(  t-u,t)  BTexp[&.Tc 

The  experimental  (wind-tunnel)  data  are  in  the  form  of 
of  values  of 

® ( t^  ,t^+cr  ) ; i = 1,  ...  , N;  j = 1,  ...  , fh 


1 

(F .13) 

(F.14) 

(F .15) 

(F .16) 

iM. 

(F.17) 

(F.18) 

] (F.19) 

a table 
(F.20) 


136 
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At  a given  t. , the  value  of  Hat  other  than  a.  is  obtained  by  linear 

J 

interpolation  of  the  form 


With  the  aid  of  this  interpolation  formula,  (F.19)  then  gives  j(  t ^-cTjCr) 
for  all  cr  in  the  range  0 < a < t.  A trapezoidal  integration  scheme  is 
then  indicated  for  the  integral  in  (F.l8),  permitting  finally  the 
numerical  solution  for  the  differential  equation  for  Z(  t ) . The  initial 
condition  on  Z is,  from  (F.2), 

Z(0)  =0  (F .22) 

In  this  manner,  the  dispersion  matrix  for  the  state  variables 
may  be  computed  for  any  point  on  the  trajectory. 
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I IMPLICIT  REAL*8(A-H.0-Z) 

REAL *8  MU. MASS. IYY.I I Y Y . KK , NDEX . X t 
COMPLEX  *16  ZSIG(fc)  .CEXPASI6.6) 

COMPLEX  Z ( 3 > 

LOGICAL  LAM 

LOGICAL**.  UU.UW.WU.WW.WANT  .WANTV.WANTC 
REAL**.  A ( 4 ) 

COMPLEX* 16  LAMAAD ( 6 ) .UUAAD (6.6)  .UET.UUAADI (6.6) 

DIMENSION  W 'nX  ( 6 * 6 ) 

DIMENSION  SOURCE (6.6) 

DIMENSION  I IR(6)  .1 IClfe) 

DIMENSION  00(6.6)  .0P(6) 

DIMENSION  PROD (6.6) 

DIMENSION  T ADD (6.6) 

DIMENSION  WR(6)  . W I (6)  . Z Z ( 6 . 6 ) .F V 1 ( 6 ) . 1 V 1 l 6 ) 

DIMENSION  AL  ( 6 • 6 ) .ARI6.6)  . AL 1 NV l b , b ) . WK  < 6b ) .XI  (3)  .XK  ( 3 I 
DIMENSION  HR ( 6 . 2 ) .AGGAMl 6. 1 ) . AWWl 6. 1 ) ♦ AO l b . 2 ) . A A ( 6 . 6 ) .BBC l 6.2  ) . 
1A1I6. 1 ) .BI6.1  ) . BB ( 6 . 2 ) • 

1 EE ( 2 « 6 ) .BGGAM (2. 1 ) .EEAA (2.6)  . ELBHC 12»2).ECA12.1).EEB(a.1)* 

2EEBBC 1 (2.2>.WK1<20> . TEMP26 (2.6)  . T EMP66 (b.b).AAS(6.6).TtMP21(2.i). 

3 TEMPO 1(6.1).AS(6.1).BS(6.1) . TTMP21 ( 2.1) 

DIMENSION  Y ( 6 ) . YP ( 6 ) *WK2 ( 30 ) 

DIMENSION  EEBCE12.6)  .EEHCB12.1  ) 

DIMENSION  SSGI  (2.2)  .SSS10.6)  .SSSI  (b.b)  .AAD(b.b)  . BBD ( b . 2 ) » 

, 1 TEMPO 2 (6.2 ) .WK3< 150)  .TSl 7 > .NSIOl  7 ) .SIGSSI 12.7)  .KRDATA (2.2.12.7). 

1YYI30)  .SI GSI 0(6.6)  .YYPI36) 

DIMENSION  TRR ( 1 1 .7 ) .DHGT l 1 1 . 7 ) .HOT l 7 ) 

COMMON  AA.b.Al .EEBCE  .EEBCB.BBC  .WwGGH .HUGH . NDEX . wWEH .DE T A .DP l .SINGE 
1 .HEHO.XE  .CCZN.MU.CCZAD 
COMMO N/PASS/LAMAAD. UUAAD. UUAAD I 
COMMON /PASS /BBD . S I OSS .TS.RRDATA.NN.NSIO 
i COMMON/SI NOLE /A AD 

EXTERNAL  LAND — 

EXTERNAL  correl 
LAM  = .FALSE. 

RHO*0. 002378 
SS  = 42  0.0 
C=6. 5 

MASS* 341  .9D0 

MU=  2 . 0D0*MASS/ ( RHO*SS*C ) 

I I YY=  2 34  72 . 0 

I YY*8 . 0*  I I YY/ ( RH0*SS*C**3 ) 

C CALCULATION  OF  REFERENCE  EUUIUBRIUM  VALUES 
NDEG=  3 
P I =3 . 14159 
KK=0. 0314 
CCDDO  * 0 • 242 
CCLLOOM  .576 
CCLLA  = 5.789 
CCDDC  T =-0.75 
CCLLC  T *0.55 
CCMCT  =-0. 1698 
CCZN=  0 » 5 2 36 
CCMN=2 .068 
G*32. 2 
WWGG=  66.0 
RATIO*2.0 
VVE*RAT I 0*WWGG 
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UE  = RH0*WE*WE/2  .0 
CCWWE  =MASS*G/ (OE*SS ) 

PPMAX  =3.S76E6 

CCTTP I =6  • S6 1 WPPMAX/ (OE*SS )* l 0 . 1 3 1 1 / WE  + O . uu2  1 ) 

H0=694.44 
Hl  = 69 . 0 
HGG=1 000.0 
HGGH=HGG/ (C/2.0) 

NDEX  = 0 . 1 6D0 
GAMEE=1S.0*PI/180.0 
WWE  = 67.000 
W wEH  = W WE /WE 
WWGGH  = WWGG/WE 

VVEEE  = DSQRT ( WE*W  E- w wE*w*E*DS  INI  GAME  E ) **2 ) -wWE*DCGS ( GAMEt ) 

GAME  = DARS I N ( WEEE*DS  I N ( GAMEE  ) / WE) 

COSGE=DCOS( GAME ) 

S I NGE -US  I N ( GAME ) 

TANGE=SINGE /COSGE 
TT=  (HO-Hl  ) /WE/SINGE 
Al  1 ) =K,K 

A(2)=-XK*CCLLOO 
A ( 3 ) =CCLLA+CCDD0-CCWWE*S1NGE 

A (4 ) =-CCLLOO* <CCDDU-CCWwE*SINGE ) -CCLL A*CCWWE*COSGE 
C USE  I MS|_  SUBROUTINE  ZPOLYR  To  FIND  THE  ROOTS  OF  THE  POLYNOMIAL 

C At  1 )*X**NDEG+A(2 )*X**(NDEG-1 ) + 

C Z IS  A COMPLEX  ARRAY 

CALL  ZPOLYR(A.NDEG.Z.Z.IER) 

WR I TE  t 6 » 1 0 ) IER 

10.  FORMAT ( 1H1  . 'ERROR  CODE  = '.16) 

DO  11  1=1,3 

XRt I ) =REAL ( Z ( I ) ) 

11  XI ( I ) = A I MAG ( Z ( I ) ) 

1)0  12  K = 1 » 3 

IF (XI  ( K ) .NE.  0.0 ) GO  TO  13 

12  CONTINUE 
WRITE  < 6.100) 

100  format t ihi , 'three  real  roots  are') 

WRITEI6.101)  XR 

101  FORMAT t 1H0.1P3E20. 6) 

GO  TO  14 

13  DO  21  K = 1 ,3 

IF  (XI  IK)  .EU.  0.0)  GO  TO  22 

21  CONTINUE 

22  CCLLE  = XR ( K ) 

14  CCDDE  = CCDDO*K.K#CCLLE**2 
CCTTE=CCDDE-CC WWE "SINGE 
HALF  = ( CCLLL-CCLLOO) /CCLLA 

WRITE! 6,103)  CCLLE  .CCDDE »CCT T E .DALE 

106  FORMAT ( 1H0 'CCLLE  = ' . 1PE 14 . 6 . 6X . ' CCDDE  = ' . 1PE 14 . 6 . 5X  . ' CC IT t = '. 
11PE14.6.5X,  'DALE  = '.1PE14.6) 

CCLLE A=CCWWE*COSGE 
CCDDE  A = CCDDO+K.X*CCLLEA#*2 
CCTTEA=CCDDEA-CCWWE*SINGE 
WRITE! 6,106)  CCLLEA.CCDDEA.CCT  TEA,  RAT  10 
106  FORMAT ( lHO.  'CCLLEA  = ' . 1 PE  1 4 . 6 » 6X  . ’ CCDDE A = ' . 1 PE  14 . 6 . 6X » 
l’CCTTEA  = ' .1PE14.6.2X, 'RATIO  = '.1PEV.2) 

C THIS  COMPLETES  A CALCULATION  OF  THE  REFERli'.CE  LOUlLlBRIUM  CONDITIONS 
CCLLS= CCWWE *COSGE 
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CCXU=-2.0*(CCDDE-CCLLS*TANGE ) 

CCDDA  = 2«0*K.K.*CCLLE*CCLLA 
CCXA  = CCLLS-CCDDA 
CCZA=- (CCLLA+CCDDE  ) 

CCZAD=-2.1S0 
CCZQ=-7. 144 
CCMA=-2.026 
CCMAD  = -8.66  3 
CCMQ=-29.76 
DO  31  1=1,6 
DO  31  J=1  ,6 
AL( I , J 1=0.0 
31  AR( I , J 1=0.0 

AL l 1 , 1 ) =2.0*MU 

AL ( 2 » 2 1 =2.0*MU-CCZAD 

AL  t 3 , 2 !=-CCMAD 

AL(3, 3 1=1 YY 

ALIA. 41=  1.0 

ALI5.9  1 = 1.0 

ALI6.6  1 = 1.0 

AR  11*1) =-2«0*CCLLS*T  ANGE+CCXU 

AR (1*2) =CCX A 

AR( 1 , 4 1 =-CCLLS 

ARI2, 1 1 =“2 • 0*CCLLS 

ARI 2,2 1 =CCZ A 

ARI2, 3 1 =2.0*MU+CCZU 

AR (2,41=  CCLLS*T  ANGE 

ARI 3, 2 )=CCM,A 

ARI3.3  l=CCMO 

AR (4,3  1 = 1.0 

AR I 5 » 1 1 =COSGE 

ARI5.2 1 =-S I NGE 

AR I 5 » 4 1 =S I NGE 

AR ( 6 , 1 1 = “SI NGE 

ARI6.2 )=-COSGE 

AR  ( 6 , 4 1 =COSGE 

IDGT * 0 

CALL  L INV2F (AL.6 .6.ALINV. I DOT  ,WK, I ER 1 
WRITE! 6 » 86)  I ER 

86  FORMAT  I 1H0. 'ERROR  CODE  = ',161 
DC  44  1 = 1 ,6 

DO  44  J=1  ,2 
44  AGI I » J 1 =AR ( I » J 1 

AGIb.l)  = 0. 

AO  lb. 2)  = 0. 

A 0 I 6 » 1 1 = 0 . 

AG (6,2)  = 0 • 

CALL  MAT  ■ L I 6 , 6 , 6 » A L I . » V , A R ♦ A A 1 
CALL  'v1  A T - L I 6 , 6 , 2 , A L I , V , A G , 8 b 1 


I F I LAY  ) oO  TO  1000 
S SO  I 11,1)  =-COSGL  / v V), 
SSG  I 12.2  ) = S SC.  I 11,1) 
SSGI (2.1 ) *Sl4Gt/VVE 
SS-jI  < 1.2  1 =-S.SGI  (2,1) 
PO  300  1=1,6 
DO  30f)  J = 1 , 6 
S SS  I I ,J)  * o . 01)0 
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' SSSI ( I * J ) =O.ODU 
SSS ( 1 * 1 ) =VVE 
SSS I 2 * 2 ) = 1 . 't/I 
SSSI  3*3)  =2.0Dv*VVF  /C. 

SSS ( 4 » 4 ) * 1 • 0D0 

SSSI  3*6)  = C/2.0D0  T A 

SSS I 6 .6 ) *C/2.0D0  K>*\l  h; 

DO  30  1 1=1,6  DUl  r 

SSSI  (1,1  ) = 1 • ODO /SSS ( 1,1) 

CALL  MATML(6,6,2,SSS,BB,TEMP62) 

CALL  MATMLl6«?,2*TEMP62*SSGI  , BBD  ) 

DO  302  1=1,6 
DO  302  J=l,2 

BBD I I *J)=BBD(  I *0)*2. 0D0*VVE/C 
CALL  MATML(6*6»6*SSS*AA*TEMP66) 

CALL  V1ATML(6*6*6»TEMP66*SSSI  , A AD  ) 

DO  303  1=1,6 
DO  303  0=1,6 

I AADI I ,0)=AADI  I ,0)*2.0D0«VVE/C 
DO  7 77  1 =1,6 
DO  777  0=1,6 
TADDI  I ,0 ) =AAD I 1,0) 

MATZ  = 1 

CALL  RG(6*6,TADD»WR,WI  , MATZ , ZZ , I V 1 , F V 1 , I ER  ) 
DO  781  1=1,6 

LAMAAOl  I >=DCMPLX(WR(  I ) *1*1  I I ) ) 

KK  = 1 

IF(WIIKK)  . NE  • 0 .ODO  ) GO  TO  81 

DO  82  1=1,6 

UUAAD I I , KK ) =ZZ  l I *KK ) 

KK=KK+  1 

I F I KK  .GT.  6)  GO  TO  83 
GO  TO  84 
CONT I NUE 
DO  85  1=1,6 

UUAAD  I I ,KK  ) =DCMPLX (ZZ l I *KK  ) »ZZ  < I »KK+1  ) ) 

UUAAD  I l * KK*  1 ) =DCONOG ( UUAAD  ( I *KK ) ) 

KK  = KK  + 2 

IFIKK  .LE.  6)  GO  TU  84 
CONT I NUE 
DO  730  1=1,6 

DO  730  0=1,6 

I UUAAD I I I ,0  ) =UUAAD< I ,0 ) 

INVERT  THE  COMPLEX  MATRIX  UUAADI 

CALL  M I NVCD I UUAAD I *6*6*DtT.IIR»lIC) 

this  is  the  wind  tunnel  data 

IVELW  = 3 
NN  = 7 

DO  730  N = 1 , 6 
l NSIGIN)  = 10 
NS  I G I 6 ) = 11 
NSIGI  7 ) = 1 1 
NTABL  E =2  7 
DO  704  K* 1 , NT  ABLE 
DO  701  N* 1 ,NN 
READ (5,702)  IVEL«IK»1C 
> FORMA  T I 3 I 2 ) 

WANTV  = IVEL  .EQ.  IVELW 


« J»  s f 

hit  i-  r • i 


142 


k 


RELEASE  2.0  MAIN  DATE  = 76111  09/AY/3B 

UU  = IR  .EU.  1 .AND.  IC  .EU.  1 

UW  = IR  .EU.  1 .AND.  IC  .EU.  3 

WU  = IR  .EQ.  3 .AND.  IC  .EQ.  1 

WW  = IR  .EU.  3 .AND.  IC  .EU.  3 

WANT C = UU  .OR.  UW  .OR.  WU  .OR.  WW 
WANT  = WANT  V .AND.  WANT  C 

READ ( 3.703)  HGT ( N ) . ( DHGT ( M *N ) » TRR ( M »N ) »M= 1.11) 

703  FORMAT (8E10. 3) 

IFt.NOT.  WANT)  GO  TO  701 
TStN)  = (HO  - HGT  IN)  ) /VVE/SINGE 
MM  = NSIG(N) 

MMM1  = MM  - 1 
DO  703  M= 1 . MMM1 

SIGSS(M.N)  = DHGT (M.N) /VVE/SINGE 
I F ( UU  ) RRDATAI l.l.M.N)  = TRRIM.N) 

IF(UW)  RRDATAI 1.2. M.N)  = TRRIM.N) 

IF(WU)  RRDATA12.1.M.N)  = TRRIM.N) 

708  IFIWW)  RRDATAI2.2.M.N)  = TRRIM.N) 

SIGS5IMM.N)  = TT-TSIN) 

DO  709  1=1.2 
DC  709  J = 1 . 2 

709  RRDATAI I .J. MM. N)  = 0.0 

701  CONTINUE 

70 A CONTINUE 

C**#**«#  END  OF  TUNNEL  DATA  INPUT 
TTINT  = TT/10.0D0 
DO  308  1=1.36 

308  YY I I ) = 0 • ODO 
I N=  1 

SA=0. ODO 
FIN  = TTINT 
335  H=TTI NT/15. ODO 

CALL  RK.GILI  YY.36.SA.FI  N.H.CORREL) 

DO  309  1=1.6 
DO  309  J = 1 . 6 
I NDEX  = 6* I J-l ) +1 

309  SIGSI G I I . J) =YY( INDEX ) 

WRITEI6.536)  FIN 

536  FORMAT  I 1H0. 'F IN  = '.1PE20.6) 

WRITE  I 6.53A  ) 

53A  FORMAT  I 1H0. 'SIGSIG  VALUES') 

WRITEI6.533)  l(SIGSIG(I.J).J=l»6).I=1.6) 

533  FORMA  T I 1H  .1P6D18.B) 

I N= I N+ 1 

IF! IN  .GT.  10)  STOP 
SA  = SA  a TTINT 
FIN  = FIN  + TTINT 
GO  TO  555 


1000  K.E  = DS  I NIGAMEE  ) /DCOS  I GAME  E-GAME  ) 
DO  A1  1=1.6 
DO  A1  J=1  ,2 
A 1 HR ( I . J ) = 0 • 0 

HR  1 1 ♦ 2 )=-CCDDCT*CCTTPI 
HR  I 2 . 1 ) =CC2  N 

HR  I 2. 2 )=-(CCLLCT+DAlF)*CCTTP1 

RR I 3 . 1 )=CCMN 

BRI 3. 2 )=CCMCT*CCTTPI 
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DO  42  1=1.6 

42  AGGAM ( I • 1 ) =0.0 

AGGAM (1.1 ) =2.0*MU*COSGE 

AGGAMI 2.1 ) »-2  »0*MU»5 1 NGE  

DO  43  1=1.6 

43  AWW ( I .11=0.0 
A WWI5. 11—1.0 

CALL  MATML (6.6.2 .ALJNV . BR  .BBC ) ; 

CALL  MATML ( 6.6.1  . AL I NV .AGGAM .All 
CALL  MATMLI6.6.1.ALINV.AWW.B) 

DO  45  1=1.2 
DO  45  J=1  .6 

45  EE( I . J ! =0. 0 
EE ( 1 . 1 1 = 1.0 
EEI2.2  >=-1.0 
EE (2. 4 >=1.0 
BGGAM ( 1.1  1=0.0 
BGGAMl  2.1  1 =K.E 

CALL  MATML(2.6.6.EE.AA.EEAA) 

CALL  MATML(2.6.2.EE.BBC.EEBBC1 
CALL  MATML (2.6.1  .EE  *A1 *EEA  ) 

CALL  MATMLI2.6.1.EE.B.EEB) 

C INVERT  EEBBC  AND  CALL  IT  EEBBCI 
I DGT  = 0 

CALL  L I NV2F l EEBBC. 2 .2. EEBBC I . I DGT . WK 1 . 1 ER 1 
WRITE  1 6.88) 1ER 

CALL  MATML ( 2 .2 .6 .EEBBC I .EE.EEBCE) 

CALL  MATMLI 2.2.1  .EEBBCI .BGGAM , EEBCB 1 
HEHO=HO/ (C/2.0) 

HEH1=H1/ (C/2.0) 

DELT  = ( HEH0-HEH1 )/ 100 .0/S  I NGE 
HEH=H  EHO 

C SET  INITIAL 'VALUES 
DO  333  L = 1 .6 
333  Y ( L ) = C . 0 

C USE  I MSL  SUBROUTINE  TO  SOLVE  THE  THE  SYSTtM  OF  DIFFERENTIAL  EQUATIONS 
C SA  IS  STARTING  POINT  AND  FIN  IS  FINAL  POINT  OF  INTEGRATION 
C H IS  INI TIAL  GUESS  OF  THE  INTEGRATION  STEP  SIZE  WHICH  WILL  BE  ADJUSTED 
SA=0. 0 

46  FIN-SA+DELT 
H=DEL  t 

CALL  DASCRUILAND.SA.FIN.H.6.Y.WK.2.  I EK  ) 

WRITE16.88)  I ER 
WRI TE ( 6 . 89  ) H 

89  FORMAT (1H0. 'ADJUSTED  STEP  SIZE  = '.E13.3) 

WR I TE ( 6 . 95 ) DETA .DPI 

95  FORMA  T ( 1H  .'DETA  = ' .E20 • 5 . 1 OX . ' DP  I * '.E20.5I 
WRI TE l 6.90)  FIN 

90  FORMAT ( 1H0. 'SOLUT IONS  AT  POINT ' .2X.1PE20.5) 

WRI  TE  ( 6 » 91  ) Y 

91  FORMAT ( IHO.  1P6E20. 5 ) 

SA*F I N 

I F ( ( HEhO— S I NGE*SA+Y ( 6 ) ) .LE.  HEHl)  GO  TO  47 
GO  TO  46 

47  STOP 
END 
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SUBROUTINE  RKGIL(Y.NORD.A.B.H.DtK) 
IMPLICIT  REAL*8(A-H.O-2) 

DIMENSION  Y 1 36 ) .21 ( 36) . YY1 l 36 ) .PI  10 ) .01 l 3b  > .YPRIMI 3b 1 

R2=SQRT ( 2.  ) 

RXGILU02 

c 

A1=1.-0.5*R2 

RXGILU03 

A1  = 0. 2928933 

RXGILUOA 

c 

A2=-2.+3./R2 

RK.G1L005 

A2  = 0. 121320b 

KKGl LUOb 

c 

A3=2.-R2 

KXGILU07  1 

A3  = 0. 3857867 

KK.GI  LUOB 

c 

AA*1.+1,/R2 

KNGILU05 

A4=l. 7071070 

RNGlLUlu 

c 

A5=-2.-3./R2 

RXGIL011 

A5=-4. 1213207 

KK.G1LU12 

c 

A6=2.+R2 

RXG1LU13 

A6  = 3 . A 142 136 

RX.GILU1A 

c 

A7*l, / 6. 

RXGIL015 

A7*0. 1666666 

KKGILUib 

c 

A8=— 1 . /3 . 

AB=-0. 3333333 
NSTEP=0.5+(B-A)/H 

RXGILOla 

L = 0 

RXGILU2U 

X=A 

KK.GI LU2 1 

100  CALL  DER(NORD.X.Y.YPRIM) 

KILG1L022 

DO  1 1 = 1 .NORD 

KKG I L02  3 

21(1) =YPRIM( I )*H 

RNGILU2A 

YYll I I *Y(  I ) + 0.5*21 ( I ) 

KKGILU25 

1 01(11=21(1) 

KICGIL026 

CALL  DER(N0RD.X+0.5*H.YY1. YPRIMI 

DO  2 I = 1 .NORD 

RXG1LU20 

21(1) = YPR I M ( I )*H 

RK.GIL02Y 

YY1 ( I ) =YY1 ( I ) + Al* (21 ( I )-01 ( I ) ) 

RK.GILU3U 

2 OKI)  =A2*Ql  ( I ) +A3*2 1 ( I ) 

CALL  DERI NORD. X+0 . 5*H . Y Y 1 • YPRIMI 

RXGIL031 

DO  3 1=1. NORD 

RXGIL033 

21(11=  YPRIM(1)*h 

RK.GILU3A 

YY1( I ) =YY1 ( I ) + AA* 121(1)  -01(111 

RK.GIL035 

3 OKI)  =A5*01  I I ) +A6*21(  I ) 

RNGI Lu3b 

CALL  DER ( NORD  »X  + H * Y Y 1 . YPR I M ) 

DO  A I = 1 .NORD 

KNG1L03O 

21(1)  = YPR I M ( I )*H 

RXGI LU3Y 

A Y ( I ) = YYllII  + A 7*2 1 ( I ) + AU*Ql ( I ) 

KnGILUAU 

X = X+H 

KK.G1LU41 

L*L+1 

RXGILUA2 

IF ( L-NSTEP  ) 100.5.5 
5 B = X 
RETURN 

RXGIL0A3 

END 

K6GILUA5 

ft. 


RELEASE  2.0 


DATE  = 76111 


SUBROUTINE  CORREL ( NORD . T i Y Y t Y YP ) 

IMPLICIT  REAL *8 ( A-H  »0-Z ) 

DIMENSION  SOURCE ( 6.6 ) .AAD<6.6 ) .BBDI6.2  ) .SIGSSI 12. 7 ),TS(7),NSI6l7). 
1RRDATA ( 2.2.12.7) »SIGSIG(6»6)»SIGH16»6)»YY(36) . YYP ( 36 ) 

COMPLEX* 16  LAMAAD ( 6 ) .UUAAD<6.6) .UUAADI (6,6) 

COMMON /PASS /LAMA AD  .UUAAD .UUAAD I 
COMMON/PASS/BBD.SIGSS.TS.RRDATA.NN.NSIG 
COMMON /S I NGLE /AAD 

DO  1 1=1,6  'V  ~ 

DO  1 J = 1 .6 
I NDEX  =6* I J-l ) +1 
SIGSIGt I , J ) = Y Y ( INDEX) 

CALL  VALINT I T , SOURCE .BBD .S I GSS »NN . T S . NS  I G .RKDA T A ) 

DO  2 1=1.6 
DO  2 J = 1 ,6 

SIGPI I » J ) =SOURCE ( I .J) 

DO  2 K = 1 ,6 

SIGPI  I » J ) =S I GP ( I » J ) +S1GS I G l I ,K)*AADl  J.M 
DO  3 1=1.6 
DO  3 J = 1 .6 
DO  3 K = 1 .6 

SIGPI  I ♦ J ) =S I GP I I .JJ+AADI 1 , K ) *S 1 GS I G I X « J ) 

DO  4 1=1,6 
DO  4 J = 1 . 6 
INDEX=6*< J-ll+I 
YYP I I NDEX ) =S I GP I I » J ) 

RETURN 
E 


r 


RELEASE  2.0  VALINT  DATE  = 76111  0y/4V/bB 

I SUBROUTINE  VAL I NT ( T .SOURCE . BBD .S I GSS »NN . TS  .NS  I G .RRDATA ) 

IMPLICIT  REAL*8 ( A-H.O-Z > 

DIMENSION  X (21 ) .SOURCE (6.6) . AAD (6.6 ) .BBD (6. 2 ) .SIGSSl 12 .7 ) . TSl 7 ) . 
. INSIGl 7 ) .RRDATAI2. 2.12.7) 

* REAL*  8 I INT (6.6) 

NX  = 20 

NXM1  = NX  - 1 

DEL  = T/DFLOATtNXMl  ) 

X ( 1 ) = 0 . ODO 
DO  1 M = 2. NX 

1 X(M)  = DFLOAT (M-l  )*DEL 

CALL  F IND ( T .U.ODO • I I NT • BBD »S I GSS .NN  . TS  .NS  I G .RRDAT A ) 

DO  2 1=1.6 
DO  2 J = 1 . 6 

2 SOURCE ( I .J) =1 INT  ( I . J) 

DO  3 M = 2.NXM1 

SI G=X ( M) 

TMS=T-SIG 

CALL  F IND ( TMS.SIG.  I I N T . BBD . S I GSS .NN . T S . NS  I G . RRDAT A ) 

DO  4 1=1.6 
DO  4 J = 1 .6 

4 SOURCE  ( I . J ) =SOURCE  l I .-<)  *2.000*1  INT  ( I . J ) 

3 CONTINUE 
SIG  = X ( NX ) 

TMS=T-SIG 

CALL  FIND! TMS.SIG. I I NT . BBD , S I GSS .NN . TS .NS  I G . RRDAT A ) 

DO  5 1=1.6 
DO  5 J = 1 .6 

5 SOURCE ( I .J) =SOURCE l I .J)  + I INT ( I .J) 

DO  6 1=1.6 

DO  6 J = 1 .6 

, 6 SOURCE ( I . J) =DEL/2.UDO*SOURCE ( I .J) 

RETURN 

END 
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RELEASE  2.0  FIND  DATE  = 76111  0 ¥/A*/S6 

SUBROUTINE  F I ND  l T .S  I G . I I NT  . BbD  .S I GSS  . NN  . T S .NS  I G . RRDA  T A ) 

IMPLICIT  REAL*8( A-H.O-Z ) 

DIMENSION  RKDATA 12 .2.12 .7).TS17).NS1G17> .SI GSS l 12 .7 ) . AAD l 6.6  ) » 
1BBD (6.2)  * TEMP66 (6.6)  .SI  OS t 12 ) 

REAL*  8 I INT1D16.6.7) . I INT (6.6) 

NNM1=NN-1 
DO  1 N = 1 . NNM1 

IF  ( T .LF.  TSIN+1  >+SIG>  GO  TO  2 

1 CONTINUE 

2 NP1=N+1 
MM=NSIG(N) 

DO  3 '4  = 1, MM 

3 S1GSIM)=SIGSSIM.N) 

CALL  F IND2 (N.S1G.TEMP66.BBD.SIGS.MM.RRDATA) 

DO  A 1=1.6 
DO  A J = 1 .6 

A I INT1D ( I . J.N)=TEMP66l I .J) 

MM=NS I G l NP1 ) 

DO  5 M = 1 .MM 

5 SIGSt M ) =SIGSS (M.NP1 ) 

CALL  FIND21NP1.SIG.TEMP66.BBD.SIGS. MM. RR DATA) 

DO  6 1=1.6 
DO  6 J = 1 . 6 

6 I INT 1 D ( I . J »NP1  ) = TEMP66 ( I . J ) 

DO  7 1=1.6 

DO  7 J = 1 . 6 

7 I INTI  I . J!  = 1 I NT  ID ( I »J.N>  + ( I I NT  ID ( I . J.NP1 I -I  I NT  ID ( I . J.NJ  I /( TSfNPl I 
l-TS(N) )*(T-ITS<N)+SIG) ) 

RETURN 

END 
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RELEASE  2.0  FIND2  DATE  = 76111  0S)/A*/Se 

SUBROUTINE  F1ND2 (N.SIG. I I NT  1 D . BBO . S I OS ♦ MM . KKDA T A ) 

IMPLICIT  REAL*B(A-H.O-Z ) 

COMPL  E X*  1 6 LAMAAD16) »UUAAD<6.6)  .UUAADI 16.6)  .CDEXP 
COMPL E X* 1 6 ZSIO(6) .CEXPASI6.6) 

DIMENSION  RRDATA 12  *2 . 12  *7 ) * AAD ( 6.6 ) .EXPAS 16.6)  .BBU16.2)  .PRUUT  12.6) 
1 .SIGS  ( 12  ) . T E.MP62  (6»2).WX<6*6).W(6)  . T EMP22  12.2)  .1  E.MP6  6 < 6.6) 

REAL*  8 I 1 NT  ID ( 6 « 6 ) 

COMMON /PASS /LAMA AD  .UUAAO.UUAAD I 

COMMON /S1NGLE/AAD 

K1,VN'l  = yM-l 

DO  11  1=1.6 

ZSIGt  I ) = LAMAAD ( I )*SIG 

11  ZSIGt  I )=CDEXP(ZSIOl I ) ) 

DO  12  1=1.6 

DO  12  J= 1 .6 

CEXPA S ( I . J ) = ( 0.000 .O.ODU ) 

DO  12  X= 1 .6 

12  CEXPA  S ( I . J I =CEXPAS<  I . J)  +UUAADI  1 .x  )*ZS1GI  K ) *UUAAui  l K. . J ) 

DO  IS  1=1.6 

DO  IS  J= 1 .6 

IS  EXP'-St  I *J)=CEXPAS<  I .J) 

CALu  MATML 16.6.2 .EXPAS .BBD . T EMP62 ) 

DO  1 1=1.2 
DC  1 J = 1 . 6 

1 PRODT ( I » J ) = TEMP62 ( J « I ) 

DC  2 M = 1 . MMM 1 

IFtSIG  .LE.  SIGStM-.ll)  00  TO  3 

2 CONTINUE 

3 DO  A 1=1.2 
DO  A J*1 ,2 

A TEMP2  2 < J. 1 ) *RRDATAt I . J.M.NI  + l RRDATA ( I . J . M + l »N ) -RROAT A ( I . J • M .N ) ) 

1 / ( SI  GS  ( M-f  1 ) -S  IOS  I M ) ) * ( S I G-S  I OS  ( M ) ) 

CALL  MATML16.2.2.BB0.TEMP22.TEMP62 ) 

CALL  MATML16.2.6.TEMP62 .PRODT  . T EMP66 I 
DO  S 1=1.6 
DO  5 J = 1 . 6 

S I I NT  ID  l I . J ) =T EMP66 ( 1 . J ) +TEMP66 ( J . 1 I 

RETURN 
END 
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RELEASE  2.0 


LAND 


DATE 


76111 


' SUBROUTINE  LAND l Y .THAT . L . YP ) 

IVPLICIT  REAL *8 l A-H  .0-2  ) 

REAL* 3 N .KE.MU 

. DIMENSION  Y ( 6 ) * Y P I 6 ) . AA (fa. 6) »B(6»1 ) »Ai ( 6 * i ) .EEBCE (2.6) »EEBCB(2.1 ) . 

1BBC10.2)  .TEMP6K6)  .DU<2> 

COMMON  AA.B.A1  .EEBCE  . EEBCB . BBC  . WUGGH . HGGH , N . WWEH . DET A .DP l .Sl*Gt . 
IHEH0.KE.CC2N.MU.CC2AD 
HH=hEHO-SINGE*THAT*Y (6) 

RAT  I 0 = WV/GGH  /HGGH*  ( HH/HGGH  ) **  ( N-l  .0  ) 

GGAMH=N*RATIO*l-SINGE) 

delwwh=hh*rat io-wweh 

DO  1 1=1  .6 

TEMPO  1 ( I ) = A 1 ( I .1 )*GGAMH  + Bl  I .1  )*DELWWH 
DO  1 J = 1 » 6 

1 TEMPO  1 l I 1 =T  EMP6 1 ( I M-AAI  I » J ) *Y  ( J ) 

DO  2 1=1.2 

DU ( I ) = EEBCB ( I . 1 ) *GGAMH 
DO  2 J=1 .6 

2 DU( I ) =DU( I I -EEBCE ( I . J ) *T EMP61 ( J ) 

DU< 1 ) =-0.0S* ( Y(6 ) + 10*TEMP61 ( 6 ) ) 

IF(DABS(DU( 1 ) ) .LT.0.35 ) GO  TO  10 
DUt 1 ) =DU( 1 ) /DABS ( DU< 1 ) ) *0.35 

10  CONTI NUE 

DU ( 2 ) = 2 • DO*DELWWH 

DO  3 1=1.6 

YP ( I ) = TEMP6  1 ( I ) 

DO  3 J=1.2 

3 YP< I ) =YP(  I 1+BBCl  I *J)*DUt  J) 

DET  A=  DU ( 1 ) 

DPI =DU  1 2 ) 

RETURN 

« END 
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L k k 


RELEASE  2.0 


MINVCD 


DATE  « 76111 


09/49/58 


1 

SUBROUTINEMINVCDI A.IA.MA.DETA. IR.IC ) 
IMPLl C ITREAL*8t A-H.O-Z 1 
C0MPLEX*16A( IA.IA) .piv.oeta.temp.pivi 
DIMENSIONS  (MAI  . 1 C 1 MA  1 

OUUUOUOu 

UUUUlUUU 

00002000 

uuuuiuuw 

DOl I * 1 .MA 
IRl I ) =0 
1CI I ) *0 

DETA= I l.ODO.O.ODO) 

S*0.000 

R*MA 

00UU4O0W 

OOOU5UOU 

00006U0U 

UUUU7UUU 

00008000 

00009000 

2 

CALLSUBMCDI A. I A. I A .MA .MA . I R . I C • I . J I 

00010000 

PI V*A I I ,J) 

00011000 

DETA*  P I V*DE  TA 

00012000 

Y*CDA  05 ( P I V ) 

00013000 

IFIY.EQ.0.)GOTO17 

00014000 

IRl I 1 * J 

00015000 

IC  I J ) * I 

00016000 

PIVX  1 .000.0.000 ) / P I V 

00011000 

A ( I . J > *P I V 

0001B00U 

D05K  = 1 .MA 

00019000 

5 

IF(K.NE«J)A(  I . K ) «A I I . K 1 »P  I V 

00020000 

D09K* 1 .MA 

00021000 

IFIK.EQ.I ) GOT  09 

00022000 

PIV1*AIK.J) 

0002300U 

6 

D08L* l .MA 

00024000 

8 

IF(L.NE.J)AIK.LI»A(K.L)-PIV1«A<].L) 

00025000 

9 

CONTINUE 

00026000 

DOl  1 IC  * 1 .MA 

00027000 

11 

IFIK.NE.I )A(K.J)»-PIV*A(K.J) 

00028000 

S»S+1 . 0D0 

00029000 

IFIS.LT.RIG0T02 

0003000U 

12 

00161  * 1 .MA 

00031000 

K«IC(  I ) 

00032000 

M= I R I I ) 

00033000 

IFIK.EQ.I  IG0T016 

0003400U 

DETA»-DETA 

00035000 

DOl  4L  * 1 *MA 

00036000 

TEMP*  A I K »L  ) 

00037000 

AIK..L  ) *A  1 I .LI 

00036000 

14 

A(  I .L ) *TEMP 

00039000 

DOl 5L  * 1 .MA 

00040000 

TEMP.AIL.MI 

00041000 

AIL.M) *A(L.I ) 

00042000 

15 

AIL. I ) “TEMP 

00043000 

ICIM) *K 

00044000 

IRIK) • M 

00045000 

It 

CONTINUE 

00046000 

RETURN 

0004 1000 

17 

WRITE  16.18) 

00046000 

18 

FORMAT  1*  MATRIX  IS  SINGULAR') 

00049000 

RETURN 

00050000 

END 

00051000 

RELEASE  2.0  SUBMCD 

SUBROUT  I NESUBMCD ( A . I A . JA .MA .NA . 1 R 
1MPLICITREAL«8(A-H.0-Z) 
C0MPLEX»16A( IA.JAI 

DIMENSIONS  IMA)  . 1C  (NA) 

I * 0 

J*0 

TEST*0 .000 
D05K* 1 .MA 

IFIIR(K).NE.O)  GOTOS 

D04L*1.NA 

IF (TC ( L) .NE.O IG0T04 
X»CDABS(AIA»L) I 
IFIX.LT.TEST IG0T04 
I-K 
J«L 

TEST  = X 

4 CONTINUE^ 

5 CONTINUE 
RETURN 
END 


DATE  * 76111 

09/49/3* 

IC.I .0) 

VuUUUUUUw 

<J<J<JUIOQU 

00002U0U 

oooooooo 

00004000 

00003000 

O0OO6O0O 

0000)000 

00008000 

00009000 

OOoloOOo 

ooouooo 

UOOlZOOo 
00013000 
00014000 
000 1 3000 
00016000 
00017000 
OOOlBOOO 
00019000 


RELEASE  2.0 


MATML 


DATt  = 76 1 H 


UV/4V/6B 


SUBROUTINE  MATML(L*M»N»A»B»C  ) 
IMPLICIT  REAL*8 < A-H.O-Z ) 
DIMENSION  A(L.M) .B(M.N) .CIL.N) 
DO  1 1=1,  L 
DO  1 J = 1 * N 
Ct I . J ) =0.0 
DO  2 K=1 »M 

2 C ( I • J > =C ( I • J) +A( I ,K )*B(K • J) 

1 CONTINUE 

RETURN 
END 


RELEASE  2.0 


MATSUB 


DATE  = 76111 


QV/W/ba 


SUBROUTINE  MATSUBl L.M.A.B.C ) 
IMPLICIT  REAL*6 I A-H.O-Z > 
DIMENSION  AIL. Ml  .B(L.M)  .CIL.M) 
DO  1 I = 1 • L 
DO  1 J«1.M 

1 C(  I »J ) »A( I .JJ-BI  I »J) 

RETURN 

END 
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TABLE  1 


FLIGHT  PATH  TIME  HISTORY 


Ye  = 45  DEGREES,  VA?G  = 1.20,  V = 81.5  FPS 

FULL  SCALE  - W/68  = (Z/1000)**  0.16 
MXEL-  - W/34  = (Z'/7)**  0.16 


FULL  SCALE  MODEL 


z 

ft. 

W 

fps 

VE 

fps 

V£  cosye 

VE 

siiYe 

8 58  • 0 

66 

3 

19 

.8 

14 

.0 

14 

0 

850.8 

66 

2 

19 

.9 

14 

. 1 

14 

1 

8^3.7 

66 

1 

20 

.0 

14 

.1 

14 

1 

836.5 

66 

0 

20 

.1 

14 

.2 

14 

2 

829.4 

65 

9 

20 

.2 

14 

.3 

14 

3 

822.2 

65 

9 

20 

.3 

14 

.4 

14 

4 

815.1 

65 

8 

20 

.4 

14 

.4 

14 

4 

807.9 

65 

7 

20 

. 6 

14 

.5 

14 

5 

800.8 

65 

6 

20 

.7 

14 

. 6 

14 

6 

793.7 

65 

5 

20 

.8 

14 

.7 

14 

7 

786.5 

65 

4 

20 

.9 

14 

.8 

14 

8 

779.4 

65 

3 

21 

.0 

14 

.8 

14 

8 

772.2 

65 

2 

21 

.1 

14 

.9 

14 

9 

765.1 

65 

1 

21 

.2 

15 

.0 

15 

0 

757.9 

66 

0 

21 

.4 

15 

. 1 

15 

1 

750.8 

64 

9 

21 

.5 

15 

.2 

15 

2 

743.7 

64 

8 

21 

• 6 

15 

.2 

15 

2 

736.5 

64 

7 

21 

.7 

15 

.3 

15 

3 

729.4 

64 

6 

21 

.8 

15 

.4 

15 

4 

722.2 

64 

5 

21 

.9 

15 

.5 

15 

5 

715.1 

64 

4 

22 

.1 

15 

• 6 

15 

6 

707.9 

64 

3 

22 

.2 

15 

.7 

15 

7 

700.8 

64 

2 

22 

.3 

15 

.8 

15 

8 

693.7 

64 

1 

22 

.4 

15 

.9 

15 

8 

686.5 

64 

0 

22 

• 6 

15 

.9 

15 

9 

679.4 

63 

9 

22 

.7 

16 

• 0 

16 

0 

672.2 

63 

a 

22 

.8 

16 

.1 

16 

1 

665.1 

63 

7 

22 

.9 

16 

.2 

16 

2 

657.9 

63 

5 

23 

.1 

16 

.3 

16 

3 

650.8 

63 

4 

23 

.2 

16 

.4 

16 

4 

643.7 

63 

3 

23 

.3 

16 

.5 

16 

5 

636.5 

63 

2 

23 

.5 

16 

. 6 

16 

6 

629.4 

63 

1 

23 

• 6 

16 

.7 

16 

7 

622.2 

63 

0 

23 

.7 

16 

.8 

16 

3 

615.1 

62 

9 

23 

.9 

16 

.9 

16 

9 

607.9 

62 

7 

24 

.0 

17 

.0 

17 

0 

600.8 

62 

6 

24 

.1 

17 

. 1 

17 

1 

593.6 

62 

5 

24 

.3 

17 

. 2 

17 

2 

586.5 

62 

4 

24 

.4 

17 

.3 

17 

3 

579.4 

62 

3 

24 

. 6 

17 

.4 

17 

4 

572.2 

62 

1 

24 

.7 

17 

.5 

17 

5 

565.1 

62 

0 

24 

.9 

17 

. 6 

17 

6 

557.9 

61 

9 

25 

.0 

17 

.7 

17 

7 

550.8 

61 

8 

25 

.1 

17 

.6 

17 

8 

543.6 

61 

6 

25 

.3 

17 

.9 

17 

9 

536.5 

61 

5 

25 

.4 

18 

.0 

18 

0 

t 

Y 

V/W 

VE 

z' 

sec 

deg 

fps 

in. 

0.0 

9.9 

1.22 

9.9 

6.006 

0.5 

9.9 

1.23 

9.9 

5.955 

1.0 

10.0 

1.23 

10.0 

5.905 

1.5 

10.0 

1.23 

10.0 

5.855 

2.0 

10. 1 

1.23 

10.1 

5.805 

2.5 

10.1 

1.23 

10.1 

5.755 

2.9 

10.2 

1.23 

10.2 

5.705 

3.4 

10.2 

1.24 

10.3 

5.655 

3.9 

10.3 

1.24 

10.3 

5.605 

4.4 

10.3 

1.24 

10.4 

5.555 

4.9 

10.4 

1.24 

10.4 

5.505 

5.4 

10.5 

1 .24 

10.5 

5.455 

5.9 

10.5 

1.25 

10.5 

5. 405 

6.3 

10.6 

1.25 

10.6 

5.355 

6.8 

10.6 

1.25 

10.7 

5.305 

7.3 

10.7 

1.25 

10.7 

5.255 

7.7 

10.8 

1.25 

10. e 

5.205 

8.2 

10.8 

1.26 

10.8 

5.155 

8.7 

10.9 

1.26 

10.9 

5.105 

9.1 

10.9 

1.26 

10.9 

5.055 

9.6 

11.0 

1.26 

11.0 

5005 

10.0 

11.1 

1.26 

11.1 

4.955 

10.5 

11.1 

1.27 

11.1 

4.905 

10.9 

11.2 

1.27 

11.2 

4.855 

11.4 

11.2 

1.27 

11.3 

4.805 

11.8 

11.3 

1.27 

11.3 

4.755 

12.3 

11.4 

1.27 

11.4 

4.705 

12.7 

11.4 

1.28 

11.4 

4.655 

13.1 

11.5 

1.28 

11.5 

4.505 

13.6 

11.6 

1.28 

11.6 

4.555 

14.0 

11.6 

1.28 

11.6 

4.505 

14.4 

11.7 

1.28 

11.7 

4.455 

14.9 

11.8 

1.29 

11.8 

4.405 

15.3 

11.8 

1.29 

11. b 

4.355 

15.7 

11.9 

1.29 

11.9 

4.3C5 

16.1 

12.0 

1.29 

12.0 

4.255 

16.5 

12.1 

1.30 

12.0 

4.205 

17.0 

12.1 

1.30 

12.1 

4.155 

17.4 

12.2 

1.30 

12.2 

4.105 

17.8 

12.3 

1.30 

12.3 

4.055 

18.2 

12.3 

1.31 

12.3 

4.005 

18.6 

12.4 

1.31 

12.4 

3.955 

19.0 

12.5 

1.31 

12.5 

3.905 

19.4 

12.6 

1.32 

12.5 

3.855 

19.8 

12.6 

1.32 

12.6 

3.eo5 

20.2 

12.7 

1.32 

12.7 

3.755 

t' 

sec. 

0.00000 

0.00059 

0.00117 

0.00176 

0.00234 

0.00292 

0.00349 

0.00407 

0.00463 

0.00520 

0.00575 

0.00632 

0.00688 

0.00743 

0.00799 

0.00853 

0.00908 

0.00962 

0.01016 

0.01069 

0.01123 

0.01176 

0.01228 

0.01281 

0.01333 

0.01385 

0.01436 

0.01488 

0.01539 

0.01589 

0.01640 

0.01690 

0.01740 

0.01789 

0.01839 

0.01888 

0.01936 

0.01985 

0.02033 

0.02081 

0.02128 

0.02176 

0.02223 

0.02270 

0.02316 

0.02362 


VALUES  OF  PROBE  VELOCITIES  AT  POINTS  A § B 


TABLE  3 

PROBE  VELOCITIES  AND  MAXIMUM  ACCELERATIONS 
FOR  ALL  CASES  STUDIED  ~ 


Non-frozen  flow 


Frozen  flow,  e=  90 

for  rE  = 15°, 1*5° 

and  e=  45° 
for  7e  = 90° 


TABLE  4 


r 


RANGE  OF  y FOR  RUNS  ALONG 


ORIGINAL  GLIDE  PATH 

(IN  DEGREES) 

n -* 

0.16 

0.35 

Esaa 

1.0  1.2  1.5  1.9 

15° 

BEDS 

1-10  3-10  5-H  7-12 

45° 

2-21  9-25  17-29  23-32 

3-29  11-32  18-35  24-38 

90° 

12-50  35-60 

18-70  37-72 
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TABLE  5 


MOTOR  TORQUE  AND  POWER  REQUIREMENTS 


V' 


I 


TABLE  6 


PROBE  PAIR  VELOCITY  MEASUREMENTS 


• 

UPPER  PROBE 
VELOCITY 
COMPONENTS 

LOWER  PROBE 
VELOCITY 
COMPONENTS 

(R  ELEMENTS 
MEASURED 

u,v 

u,v 

uu,uv,vu,w 

u,v 

u,v 

uu,uv,wu,w 

j 

u,w 

u,w 

uu,uw,wu,w 

u,v 

u,w 

uu,uw,vu,vw 

i 
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TABLE  7 


yE  = 

15°,  n = 0 

.16 

zi 

‘l/ZG 

4 

(V/WQ=1.0) 

(V/Wg=1.5) 

(V/Wq=2.0) 

in. 

sec . 

sec . 

sec . 

25.0 

•69 

3.097 

.0717 

.0371 

19.0 

.53 

3.377 

.1083 

.0567 

16.5 

.1*6 

3.458 

.1228 

.0647 

14.0 

.39 

3.526 

.1367 

.0725 

11.0 

.31 

3.593 

.1528 

.0816 

8.0 

.22 

3.648 

.1680 

.0905 

5.0 

.14 

3.691 

.1822 

.0990 
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TABLE  9 


44"  x 66"  TUNNEL 


Range 

of  W'  and  L 

* Parameters 

for  v/W 

vi 

= 1.5 

at  S = 5-5H 

W'  at 

Tx’ 

L at 

TX  *- 

L at 

' * 

u 

u 

V 

V 

2 

2min 

W'  at  z^' 

2 * 

2min 

V 

z * 

2 nan 

sec . 

in. 

in. 

fps 

fps 

in. 

in. 

•0717 

25.0 

13.5 

84.9 

80.9 

14 .8 

13.0 

.1228 

16.5 

10.0 

79.4 

73-3 

12.8 

10.8 

.1528 

11.0 

4.5 

74.4 

64.5 

11.2 

11.2 

.1822 

5.0 

2.5 

65 .6 

58.7 

11.2 

11.3 

*z2min  is  smallest  value  of  z^'  used,  for  a given  z 
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FIGURE  1.  TYPICAL  AIRCRAFT  DESCENT  THROUGH  THE  PLANETARY  ROUNDARY  LAYER 
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FIGURE  4 


FLIGHT  PATH  GEOMETRY 
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TYPICAL  FLIGHT  PATH  CHARACTERISTICS 
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FIGURE  7.  TYPICAL  MOVING  PROBE  ARRANGEMENT 


FIGURE  8.  TYPICAL  MOVING  PROBE  SPEED  PROFILES 
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FIGURE  14.  CROSS-SECTION  OF  TYPICAL  MOVING  PROBE 


182 


FIGURE  16.  MOTOR  DRIVE  CIRCUIT 
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All  Dimensions  in  Inches 


FIGURE  17.  AERODYNAMIC  OUTLINE  OF  THE  UTIAS  8"  x 8"  MULTIPLE  JET  WIND  TUNNEL 


FIGURE  18.  UTIAS  8"  x 8"  MULTIPLE  JET  WIND  TUNNEL 


FIGURE  21.  LONGITUDINAL  COMPONENT  POWER  SPECTRA  ON  TUNNEL  CENTRE  LINE, 
8"  x 8"  TUNNEL 
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FIGURE  22.  REYNOLDS  STRESS  PROFILES  IN  SIMULATED  FLOW, 
8”  x 8”  TUNNEL 
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FIGURE  23.  INTEGRAL  SCALE  PROFILES  IN  SIMULATED  FLOW, 
8"  x 8"  TUNNEL 
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38  Removable  Section 


— • 18  — — j — » Tesl  Section 

S/H  - 6 75 

(a)  LOCATION  OF  REMOVA  BIE  ROOF  SECTION 


1.  SOLID  ROOF 
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6 OPEN  ROOF 

7.  OPEN  ROOF  WITH  FINE  SCREEN 
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FIGURE  24.  TEST  ROOF  CONFIGURATIONS 
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COMPONENT  POWER  SPECTRUM 
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FIGURE  26.  AUTOCORRELATION  OF  VERTICAL  COMPONENT  WITH  SLOTTED  ROOF  #2 


FIGURE  28b.  DATA  HANDLING  SYSTEM,  8"  x 8"  TUNNEL 
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FinURF.  29.  44”  x 66"  BOUNDARY 


FIGURE  33.  44”  x 66"  TUNNEL  AERODYNAMIC  OUTLINE 


FIGURE  35.  LAYOUT  OF  .JET  GRID  SECTION,  44"  x 66"  TUNNEL 
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FIGURE  37.  LAYOUT  OF  A TYPICAL  ROW  OF  JETS  AND  SUPPLY  LINES, 
44"  x 66"  TUNNEL 


FIGURE  38.  LAYOUT  OF  JET  SUPPLY  SYSTEM,  44"  x 66"  TUNNEL 
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FIGURE  39.  44"  x 66"  TUNNEL  GROWTH  AND  TEST  SECTIONS 
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FIGURE  40.  BUTTERFLY  VALVE  CONTROL  CIRCUIT  44"  x 66"  TUNNEL 
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FIGURE  41. 


TRAVERSING  RIG  44"  x 66"  TUNNEL 
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FIGURE  47.  GRID  OF  MEASUREMENT  POSITIONS  LOOKING  UPSTREAM, 
44"  x 66”  TUNNEL 


FIGURE  48.  MEAN  LATERAL  VELOCITY  PROFILE  IN  SIMULATED  FLOW, 

44”  x 66"  TUNNEL  WITH  FLOOR  ROUGHNESS  AND  BARRIER  PRESENT 
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FIGURE  49.  WALL  BOUNDARY  LAYER  PROPERTIES,  44”  x 66”  TUNNEL 
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FIGURE  SO.  IMPROVED  MEAN  LATERAL  VELOCITY  PROFILE  IN  44”  x 66”  TUNNEL 
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FIGURE  S3.  TURBULENCE  INTENSITY  PROFILES  IN  SIMULATED  FLOW, 
44”  x 66”  TUNNEL 


219 


c> 


62  fps 


FIGURE  56.  LONGITUDINAL  COMPONENT  POWER  SPECTRA  ON  TUNNEL  CENTRE  LINE 
44"  x 66"  TUNNEL 


FIGURE  57.  LONGITUDINAL  COMPONENT  POWER  SPECTRA  ON  TUNNEL  CENTRE  LINE 
44"  x 66"  TUNNEL 


FIGURE  58.  LONGITUDINAL  COMPONENT  POWER  SPECTRA  ON  TUNNEL 
44"  x 66"  TUNNEL 


FIGURE  59.  LONGITUDINAL  COMPONENT  POWER  SPECTRA  ON  TUNNEL  CENTRE  LINE, 
44"  x 66"  TUNNEL 
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FIGURE  60.  VERTICAL  COMPONENT  POWER  SPECTRA  ON  TUNNEL  CENTRE  LINE, 
44"  x 66"  TUNNEL 


FIGURE  62.  VERTICAL  COMPONENT  POWER  SPECTRA  ON  TUNNEL  CENTRE  LINE, 
44"  x 66"  TUNNEL 


FIGURE  63.  VERTICAL  COMPONENT  POWER  SPECTRA  ON  TUNNEL  CENTRE  LINE, 
44"  x 66"  TUNNEL 


Tunne 


FIGURE  64.  INTEGRAL  SCALE  PROFILES  IN  SIMULATED  FLOW, 
44"  x 66"  TUNNEL 
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FIGURE  66.  DISTRIBUTION  OF  PROBE-PAIR  LOCATIONS,  8"  x 8"  TUNNEL 


FIGURE  67.  DISTRIBUTION  OF  PROBE-PAIR  LOCATIONS,  44"  x 66"  TUNNEL 


FIGURE  69.  TYPICAL  TIME-DELAY  CROSS-CORRELATION  FOR  u-COMPONENT 
Y_  = 90°,  8"  x 8"  TUNNEL 
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FIGURE  70.  TWO-POINT  CROSS-CORRELATION  GEOMETRY 
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FIGURE  71.  TYPICAL  TIME  DELAY  CROSS-CORRELATION  FOR  u-COMPONF.NT 
Y_  = 45°,  8"  x 8"  TUNNEL 
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FIGURE  73.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 


FIGURE  74.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 
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FIGURE  75.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 
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FIGURE  76.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 


FIGURE  77a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 


FIGURE  77b.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 


FIGURE  78a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 


FIGURE  78b.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8”  TUNNEL 
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FIGURE  79a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 


FIGURE  79b.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 


u-COMPONENT 


FIGURE  80a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 


FIGURE  80b.  FLIGHT  PATH  TURBULENCE  CORRELATION.  8"  x 8"  TUNNEL 
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FIGURE  81a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 
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FIGURE  81b.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 
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FIGURE  82a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 


FIGURE  82b.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 
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FIGURE  83.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 


FIGURE  84.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 
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FIGURE  85.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 


FIGURE  86.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8”  TUNNEL 
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FIGURE  87a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 


FIGURE  87b.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 


V -COMPONENT 


FIGURE  89a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8”  TUNNEL 


FIGURE  89b.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 
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F I CURE  90a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 
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FIGURE  90b.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 


FIGURE  91a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 


FIGURE  91b.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 


FIGURE  92a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 
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FIGURE  92b.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 


FIGURE  93.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 


FIGURE  94.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 


FIGURE  95.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 
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FIGURE  97a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 
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FIGURE  98a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8”  x 8"  TUNNEL 


FIGURE  98b.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 


FIGURE  99b.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8”  x 8”  TUNNEL 
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FIGURE  100a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 
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FIGURE  101a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 


FIGURE  101b.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8”  x 8"  TUNNEL 


FIGURE  102a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8"  x 8"  TUNNEL 


FIGURE  102b.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8”  x 8"  TUNNEL 
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FIGURE  104.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8”  x 8”  TUNNEL 
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FIGURE  105.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8”  x 8"  TUNNEL 


FIGURE  106.  FLIGHT  PATH  TURBULENCE  CORRELATION,  8”  x 8"  TUNNEL 
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EFFECT  OF  GLIDE  PATH  ANGLE  YE  ON  FLIGHT  PATH  CORRELATIONS, 


FIGURE  109.  EFFECT  OF  GLIDE  PATH  ANGLE  ON  FLIGHT  PATH  CORRELATIONS, 
8"  x 8"  TUNNEL 
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FIGURE  110.  EFFECT  OF  AIRSPEED  ON  FLIGHT  PATH  CORRELATIONS, 
8"  x 8"  TUNNEL 


FIGURE  112.  EFFECT  OF  AIRSPEED  ON  FLIGHT  PATH  CORRELATIONS 
8"  x 8"  TUNNEL 


0.16 


FIGURE  113.  EFFECT  OF  AIRSPEED  ON  FLIGHT  PATH  CORRELATIONS, 
8"  x 8"  TUNNEL 


FIGURE  114.  EFFECT  OF  AIRSPEED  ON  FLIGHT  PATH  CORRELATIONS 
8"  x 8”  TUNNEL 


TUNNEL 
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WIThOUT  GLIDE  SLOPE  RAIL 
MEAN  ± l< X,  FOR  5 REPUCATES 


FIGURE  119.  POWER  SPECTRAL  DENSITY  COMPARISON,  WITH  AND  WITHOUT 
GLIDE  SLOPE  RAIL,  44"  x 66"  TUNNEL 
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123.  ESTIMATE  OF  STANDARD  DEVIATION  FOR  R DATA,  44"  x 66"  TUNNEL  306 
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FIGURE  1 2$ . COMPARISON  BETWEEN  (Rvv  DATA  FROM  THE  44"  x 66"  TUNNEL 
AND  THE  8"  x 8"  TUNNEL 
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FIGURE  132a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  44”  x 66”  TUNNEL 
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FIGURE  133a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  44"  x 66"  TUNNEL 
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FIGURE  133b.  FLIGHT  PATH  TURBULENCE  CORRELATION,  44"  x 66"  TUNNEL 
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FIGURE  134a. 


FLIGHT  PATH  TURBULENCE  CORRELATION,  44” 


x 66” 


TUNNEL 
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FIGURE  134b.  FLIGHT  PATH  TURBULENCE  CORRELATION,  44"  x 66"  TUNNEL 
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FIGURE  135b. 


FLIGHT  PATH  TURBULENCE  CORRELATION,  44"  x 66"  TUNNEL 
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FIGURE  137a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  44"  x 66"  TUNNEL 


L 


L*. 


J 


325 


328 


□ Ti  = 0*03705 
A Tl1  = 0*08467 
+ Tl'  = 0*08183 
x Tl'  = 0*09902 


FIGURE  140a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  44"  x 66"  TUNNEL 
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FIGURE  140b.  FLIGHT  PATH  TURBULENCE  CORRELATION,  44"  x 66"  TUNNEL 
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FIGURE  141a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  44"  x 66"  TUNNEL 
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FIGURE  142a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  44"  x 66"  TUNNEL 
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FIGURE  143b.  FLIGHT  PATH  TURBULENCE  CORRELATION,  44"  x 66"  TUNNEL 
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FIGURE  145a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  44"  x 66"  TUNNEL 
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FIGURE  153b.  FLIGHT  PATH  TURBULENCE  CORRELATION,  44"  x 66"  TUNNEL 
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FIGURE  154a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  44"  x 66"  TUNNEL 
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FIGURE  154b.  FLIGHT  PATH  TURBULENCE  CORRELATION,  44"  x 66"  TUNNEL 
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FIGURE  155a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  44"  x 66"  TUNNEL 
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FIGURE  155b.  FLIGHT  PATH  TURBULENCE  CORRELATION,  44"  x 66"  TUNNEL 
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FIGURE  156a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  44"  x 66"  TUNNEL 
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FIGURE  156b.  FLIGHT  PATH  TURBULENCE  CORRELATION,  44"  x 66"  TUNNEL 
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FIGURE  157b.  FLIGHT  PATH  TURBULENCE  CORRELATION,  44"  x 66"  TUNNEL 
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FIGURE  I58a.  FLIGHT  PATH  TURBULENCE  CORRELATION,  44”  x 66"  TUNNEL 
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FIGURE  158b.  FLIGHT  PATH  TURBULENCE  CORRELATION,  44"  x 66"  TUNNEL 
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